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ABSTRACT
Several mathematical models have been developed to 
simulate flow in porous media. In particular, the problem 
of wave interaction with a porous embankment has received 
considerable attention. However, the complicated nature of 
the subject has constrained the universal modelling of the. 
problem. This thesis presents the development of a finite 
element"-method of characteristics model CFE-MOCL for 
unsteady non-Darcy flow in porous media. The model was 
applied to the problem of wave transmission in a layered 
trapezoidal embankment with an impervious core.
Unsteady flow in porous media results from the inter­
action of water waves with coastal structures and rockfill 
dams. This flow may be Darcy or non-Darcy and one or two 
phase. Furthermore, the porous matrix is usually nonhomo- 
geneous and the structural boundaries are irregular. The 
flow phenomenon is described by a set of hyperbolic partial 
differential equations ^.nvolving coefficients of pressure 
distribution, inertia and hydraulic conductivity. These 
coefficients may vary in time and space. A hybrid method 
of characteristics-finite element model is used to solve 
the governing equation. The method of characteristics 
refer to a combined characteristics-finite difference solu­
tion.
The concept of the hybrid model presented here is to 
treat the time integration by the combined characteristics-
iv
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finite difference method (MOCl and the space integration by 
the finite element method (FEM). Thus the major inertial 
effects are included in the MOC and effects of nonhomo­
geneity , velocity and pressure variation in space are com­
puted by the FEM and used to update the MOC.
An experimental investigation was undertaken to 
evaluate the effect of the unsteady flow, and the entrained 
air due to wave interaction with, sloping embankments on the 
hydraulic conductivity. The nature of wave motion on sloping 
embankments was also investigated experimentally in order 
to: obtain suitable interface boundary conditions, trace
the unsaturated flow region, and verify the phreatic lines 
computed for the nonhomogeneous embankment.
The results of the experimental studies showed a 
significcuit effect of the accelerated flow on the hydraulic 
conductivity. A virtual mass coefficient of the order of 
2 was established for the 4.4 cm crushed rock. The entrained 
air effect was treated using two phase flow techniques and 
was found to cause a considerable decrease in the hydraulic 
conductivity in the unsaturated flow region. The results 
of the wave motion studies are presented in dimensionless 
forms.
A semi-empirical equation, adapted from McCorquodale 
is used to analyse some 120CT permeameter tests, from this 
and previous studies. This analysis furnishes a general 
friction equation for flow in coarse granular porous media 
which are common construction materials for porous embank­
ments . The general friction equation includes the effects
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
of the wall zone and surface roughness.
Experimental phreatic lines were in good agreement 
with the computed results. Experimental results correlate 
better with short wave periods than with long wave periods.
The proposed model gives the phreatic lines and the 
pore pressure distribution for different wave stages which 
permits an improved stability analysis of porous embankments. 
The model provides good estimates for the layered sloping • 
embankments.
vx
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CHAPTER I 
INTRODUCTION
1» 1 Objective
The purpose of this thesis is the development of a 
finite element-method of characteristics model to simulate 
unsteady non-Darcy flow in porous media. The model is 
developed for porous structures of different configurations 
and compositions.
1.2 Definition of the Problem
Porous structures, such as rockfill dams and rubble- 
mound breakwaters, are frequently subjected to wave action.
In the application of a finite element solution to such 
structures, it is important to understand the mechanism of 
wave movement on the upstream slope. The resulting internal 
flow is usually non-Darcy. Due to the lag between wave 
rush-up and the internal flow rise, air may be entrained.
This will result in an unsaturated flow region which has 
different resistance characteristics than a saturated flow. 
Another important phase of the problem is the inertia effect 
due to the unsteady nature of the flow. A typical porous 
structure subjected to wave action is illustrated in Pig. 1.1.
In this thesis the.finite element-method of characteris­
tics model will be used to simulate wave transmission in porous 
embankments with impervious cores. The method of characteris­
tics refers to the combined characteristics-finite difference 
solution.
1.3 Motivation
In spite of the considerable amount of literature that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2exists on the solution of unsteady non-Darcy flow problems, 
a solution for layered or trapezoidal embankments is not 
available. The writer has found a number of instances where 
a numerical solution will be of great importance. A few 
examples are :
a. Wave transmission in rubble-mound breakwaters;
b. Water level fluctuations in earth dams, due to wave 
action on the dam;
c. Transmission of floods or tides through causeways.
Such a solution for trapezoidal and layered embank­
ments will give a better estimation of required height of the 
impervious core in the case of an earth dam or the height of 
the transmitted wave in case of a rubble-mound breakwater. 
Calculating the stability of a causeway under the unsteady 
condition during the passage of a flood wave will yield a 
safer design. JFrom an engineering point of view, the height 
of the transmitted wave is an important criterion in the design 
of any harbour. Also, knowing the required height of the 
impervious core of an earth dam is a matter of economy.
A  survey of the available numerical techniques was 
made to find the most efficient technique to solve this pro­
blem. It was found that a finite element technique is con­
venient to treat the sloping and multilayer embankments. 
However, with some programming effort the finite difference 
technique can be used to handle sloping embankments. Since 
the internal flow can be described by a system of hyperbolic 
differential equations, the method of characteristics is a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
good technique to guide the progress of the finite difference 
solution. A combination of the two techniques, i.e., finite 
element and method of characteristics, is a new concept in 
the numerical modelling of hydraulic problems.
4 The Approach In General
Even though the main theme of this thesis is the 
development of a finite element-method of characteristics 
model (FE-MOC) to simulate unsteady non-Darcy flow in porous • 
structures, an extensive experimental program was needed to 
furnish the following information :
A general friction equation for the flow in porous media; 
h. Inertia effect on the flow resistance;
c. Entrained air effect on the hydraulic conductivity;
d. Wave motion on sloping embankments.
The experimental equipment for this research had to 
he designed to simulate the unsteady nature of wave motion,
a
the entrained air due to wave interaction with a porous 
structure, and the complicated unsteady non-uniform wave 
progress on a sloping embankment. The hydraulic character­
istics of the media used in this study were determined under 
steady flow conditions using the equipment designed for the 
inertia and entrained air studies. The results of these tests 
were compared with the unsaturated and the accelerated flow" 
I’esults to detect the entrained air and the inertia effects. 
Wave experiments were carried out to study the effect of 
structure geometry and wave characteristics on the area 
influenced by the entrained air. A movie was taken to record 
'^sve motion on the sloping embankment in order to establish
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the required upstream boundary condition. The piezometric 
head was measured by a pair of pressure transducers. The 
piezometric head distribution along the slope was obtained 
ty moving one transducer along the slope while the second 
transducer was fixed at the slope toe. The experimental 
phreatic line results were used to verify the mathematical 
model.
The mathematical model begins with developing the non­
linear motion equation for one-dimensional non-Darcy unsteady 
flow in porous media. The motion equation includes the 
inertia coefficient and the non-hydrostatic pressure term.
This equation and the continuity equation were discretized 
the finite differences and solved for the two dependent 
variables, the phreatic line elevation and the horizontal 
macroscopic velocity. The unknowns at the boundaries are 
obtained by manipulating the motion and continuity equations 
to omit the known velocity at the impervious core or the 
elevation at the interface. The solution progresses from 
known initial conditions. The method of characteristics is 
nsed to control the time step and satisfy the stability and 
convergence requirements. In order to speed the convergence 
of the solution and improve the stability, the iterative point 
method is used. Periodically, the finite element method is 
used to obtain representative values for the actual hydraulic 
conductivity. The pressure distribution correction factor is 
obtained by integrating the actual pressure distribution at 
different nodes along any vertical section. The finite
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
difference and the finite element grids have to be adjusted 
with the progress of the solution.
The mathematical model results are compared with the 
experimental results for wave transmission in coarse granular 
trapezoidal embankments with impervious cores. Homogeneous 
end multilayered embankments are considered.
The numerical solutions are executed on the IBM 360/65 
computer at the University of Windsor.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER II 
LITERATURE REVIEW
2.1 Introduction
In this chapter some of the available literature, 
which is related to the subject of this thesis, is presented, 
The review includes literature on;
the flow regimes in porous media
2. the friction equation of porous media
3. the virtual mass coefficient and accelerated flow
4. the unsaturated flow in porous media
3. the unsteady Non-Darcy flow in porous media
A critical evaluation of these topics will be given
%
at the end of this chapter.
2.2 Flow Regimes In Porous Media
In 1901, Forchheimer C77) published a paper in which 
he noted that Darcy's Law is not universally valid for 
flow in porous media. Since that time numerous research 
papers have been presented on the hydrodynamics of this so- 
called non-Darcy flow.
There is some similarity between flow in porous 
itJcdia and flow past a single particle. In a porous media, 
however, flow patterns interfere with subsequent influence 
on the drag of the grains of the medium. Stoke's Law C74) 
indicates that the drag on a sphere, moving under steady 
conditions through a fluid, is proportional to the first
6
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power of its velocity provided its Reynolds number is less 
than 0.10. In porous media, the corresponding law is known 
as Darcy's Law. With increasing Reynolds number, the exponent 
on the velocity increases, approaching a value of 2 for a 
Very turbulent flow (74). While the upper and lower limits, 
bounding the velocity exponent, hold for both cases, the 
Reynolds number limits are not well defined for flow in 
porous media.
With such a similarity, the regimes for flow in 
porous media may be stated, based on an adaptation of the 
classification introduced by Ward (90), Wright (9 6) and 
Kovacs (36, 38), as follows:
1. "The Non-Darcy Non-Newtonian Regime", which is
associated with extremely small velocities of 
— 5
‘ the order 10 cm/sec. In this regime the
forces of molecular attraction become important. 
Kovacs (36) represents this regime by,
i = i^ + av (2.1)
where i^ = adherence gradient.
2. "The Darcy or Linear Laminar Regime", in which 
at every point the micro-velocity is stationary, 
and the head loss is directly proportional to 
the velocity. The viscous forces predominate 
and inertial effects are negligible.
3. "The Non-Linear Laminar or Steady Inertial Regime", 
in which at every point the micro-velocity is 
stationary, but the head loss has ceased to vary
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8linearly with the velocity. Both viscous and 
inertia forces influence the flow,
4. "The Turbulent Transitional Regime", in which 
the micro-velocity fluctuates at any point with 
increasing but at a regular frequency, and the 
head loss approaches dependence on the square 
of the velocity. Inertial effects predominate 
with insignificant viscous effects.
5. "The Fully Turbulent Regime", in which all parts 
of the flow are turbulent, and the micro-velocity 
fluctuates randomly about a mean. The head loss 
is assumed to vary with the square of the 
velocity. The inertial effects govern the flow.
Figure 2.1, adapted from Kovacs (38), illustrates 
schematically the five flow regimes mentioned above.
.2.3 Friction Equation
Anandaicrishnan and Varadarajulu (4) adopted the 
exponential form for the friction equation and found that 
the turbulence occurred with a Reynolds number substantially 
less than 1.0. They carried out their experimental investi­
gation using fine sand. Their Reynolds number was calculated 
based on d^g as a characteristic length for the porous media.
Leme (42) presented some experimental results which 
®howed the variation of the hydraulic gradient against the 
^low velocity in porous media. The deviation from Darcy 
flow started at a velocity of about 0.37 cm/sec for the 
9tavel bedding (dgg = 1.65 cm) and at 1.0 cm/sec for the
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crushed stone (d^g = 3.8 cm).
Ward (90) used a dimensional analysis procedure to 
manipulate the Muskat's version of Forchheimer equation 
(58) for turbulent flow in porous media. He arrived at
where i = hydraulic gradient 
y = dynamic viscosity 
V = Darcy velocity 
p = fluid density 
g = acceleration due to gravity 
k = permeability 
c = constant
Ward (91) adapted a form of the Kozeny-Carman (77)
equation,
• KTSq (1-m) ^  (2.3)
to obtain
Ic = ---:------- 2-------  (2.4)
3 6KT(1-m) aglnCg
where m  = dry porosity
X = grain shape factor
Mg = geometric mean particle size
K = constant (depends on shape of pore
cross-section)
T = tortuosity 
Cg = geometric standard deviation
Ward used Æ  as a characteristic dimension of the
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media. Ward found that the turbulent flow can start at a 
Reynolds number as low as 1.42. Harleman et al (30) also 
used as a characteristic length for their study of dis­
persion in porous media. Ward's formulation was limited to 
low Reynolds numbers.
Todd (85) showed a similar relationship to that of 
Ward's, except that he used an average grain diameter as a 
characteristic length.
Parkin et al (67), and Curtis and Lawson (14) have 
studied the hydrodynamics of flow through rockfill dams.
They discussed the non-Darcy flow and the stability of 
rockfill dams under hydraulic forces. Curtis and Lawson 
recommended the exponential resistance equation to account 
for the turbulent flow in rockfill banks.
Wri-ght (96) used the hot-wire anemometer technique 
to measure the turbulence in the flow in a granular packed 
bed. Wright used parallel and converging flow permeameters. 
He found that the deviation from the Darcy law can start at
a very low Reynolds number (N_ = 2) while the flow was free
R
of any turbulence until the Reynolds number exceeded 90.
The converging flow test gave a lower friction coefficient 
than the parallel flow test in the range of a Reynolds number 
^P to 100. Wright used the diameter of a sphere of the same 
specific surface, D ^ , as a characteristic length to estimate 
the Reynolds number, N^, and the friction factor, f, which
have the following forms
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igDgin^
^ ^ 0.1067v^ (1-m) 4) (shape ,ag,e ,T)
where s = roughness of the grain
Ahmed and Sunada (3) developed Ward's equation by 
analysing the Navier-Stokes equations. They neglected the 
presence of turbulence in the pores and limited their 
derivation to the case of steady one dimensional (mean) 
flow and low Reynolds numbers.
Arbhabhirama and Dinoy (5) developed an equation 
which is similar to Ward's, and Ahmed and Sunada's equation. 
They analysed the Kozeny-Carman equation to obtain a corres­
ponding expression for /k to be used as a characteristic 
length. They plot the friction factor against the Reynolds 
number with a third variable, c, which is the limiting value 
for the friction coefficient at high velocities.
^R " C2.7)
f = ig^Y (2.8)-
d
and c = (2.9)
where d^ = particle mean diameter of porous media 
= porosity of porous media 
The resulting plot is analogous to the Moody diagram used 
for pipe flows. The wall effect was neglected in their study, 
Rose (73) used dimensional analysis to study the non- 
Darcy flow. He proposed the relationship
(2.10)
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where = head loss
d = spherical equivalent diameter of the 
particle
v = velocity of flow
p = fluid density
y = dynamic viscosity
L = depth of bed
g = acceleration due to gravity
D = tube diameter
s = particle roughness
m = porosity
(p = shape factor
u = particle distribution
and on the basis of his experiments he gave
°1 ^2
X - ^  + rtT— “ + c, (2.11)
Where X = a resistance coefficient
X =
’ ” )
Cj-f C 2 and Cg are constants
Rose’s equation can easily be rewritten as
i = av + bv^*® + cv^ (2.12)
Rose also pointed out the effect of high porosity 
near the tube wall.
Mott (57) presented a comprehensive discussion of the 
laws of motion of particles in fluids and their application
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to the resistance of beds of solids to the passage of fluid. 
Mott showed that the flow through beds of solids can be 
defined by a Reynolds number in the form
N = YÉ2. . 4 __  fn 13)
R y (p Cl-ml + 4d/D
Mott considered a combined hydraulic radius as a
characteristic length of the grains and the permeameter to
account for the wall effect.
Irmay (32) retained all the inertia terms of the
Navier-Stokes equations in the microscopic flow channels and
then built up a hydraulic radius model in the manner of
Kozeny to give the following equation
* Igrad P | = av + bpv^ + cp^^ (2.14)
9t
which.accounts for the unsteady flow and inertia effect in 
general.
Dudgeon (21, 22) reported flow-head relations whose 
logarithmic plots consisted of several straight lines 
characterized by discontinuities of the slope to distinguish 
ferent flow regimes. Dudgeon's work covered a very wide 
range of granular materials and flow velocities. Also he 
presented his results in a dimensionless form as a friction 
factor,
f = (2.15)
Versus a Reynolds number.
Vdq^P
«R = C2.16)
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but he did not obtain a general expression for all materials.
Dudgeon investigated the wall effect and found that 
it is relatively independent of the flow rate. A difference 
ranging from 5 to 15 percent in the mean velocities through 
the total and inner zone cross-section was found for particle 
median diameter to permeameter tube diameter ratios from 
1:5 to 1:250.
Kovacs C371 has presented some of his own research 
ss well as a review of other research (mainly European) on 
Newtonian and non-Newtonian non-Darcy flow in porous media.
In the case of Newtonian flows, he used the work, of Zunker 
(103), Lindquist C46), and Nagy (59) and plotted their data 
as weljJ. as his own on a dimensionless log-log plot of
XRes m^
(p^  Cl-m)/
= f (NR) (2.17)
Where XRes = (2.18)
; “ r  = ^-1=)
This relationship is based on the Kozeny-Carman (77) hydraulic 
radius model.
Ng (64) studied flow in crushed rock in an attempt to 
adapt the Ward equation to angular materials. His results 
indicated that Ward’s porosity function may not adequately 
describe the turbulent term in Forchheimer*s equation.
McCorquodale (51) modified Ward's work in order to 
obtain a general non-dimensional Forchheimer type equation 
for crushed rock. He gives this equation as
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Y = t CgX (2,20)
where Y = (2.21)y V
X = (2.22)
and are dimensionless constants for a particular flow 
ï^egime.
This approach will be used in Chapter V to find a 
general equation for the flow resistance in porous media.
Nasser (60) utilized a least square technique and 
pooled his own data with the data of Lane (42), Dudgeon (21),
Ng (64) and McCorquodale (51) to establish the constants 
end. in Equation 2.20. He obtained correlations with 
^nd without consideration of permeameter's wall effects.
Lower flow resistance was noticed by Nasser for the converg- 
^rig flow.
4 Virtual Mass Coefficient and Accelerated Flow
When an object is set in motion in a fluid, the 
surrounding liquid is also set in motion. As a result, the 
effective mass of the object in a liquid is considerably 
greater than in a vacuum. This increase in effective mass 
is referred to as the added mass of the object; the total 
effective mass is known by virtual mass. The virtual mass 
coefficient is the ratio of the virtual mass to the actual 
, mass.
The magnitude of virtual mass depends on the geometry 
size of the structure, physical properties of the structure, 
(dynamic response, the level of submergence and the type of
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excitation to which it is subjected.
By considering the kinetic energy imparted to a 
liquid by the motion of a body through the liquid. Lamb (41) 
had obtained theoretical expressions for the added mass of 
objects of various shapes.
Most of the available literature discusses the pro­
blem of virtual mass for individual objects. However, a 
few papers have presented some results for a group of objects 
or structures, but no reference to the virtual mass of porous 
media was found in the literature.
References to the phenomenon of virtual mass appeared
4
as early as 1776. In 1776,DuBaut (24) found experimentally 
that the virtual mass coefficient for a sphere was approxi­
mately 1.58. Later, in 1826, Bessel (24) found the virtual 
mass coefficient for a sphere to be 1.625.
Ackerman (2) described a unique method of placing 
Chute-a-Caron cofferdam in the Saguenay River, Quebec, Canada. 
The dam, 28.m long, 13.75 m thick and 12.8 m high at the 
centre, was built on one end on a pier and toppled into place 
in the river. The river was 8.55 m deep and flowed at a 
velocity of 6. m/sec. Although the 11,000 tons of concrete 
in the dam fell an average distance of 26. m  and came to rest 
on bed rock, only a few hairline cracks developed. The 
water cushioned the fall so that the final impact was the 
equivalent of a 10 cm drop through air. The potential energy 
of the falling dam was largely changed into kinetic energy of 
the water. Velocities of water were estimated to be as high
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as 180 m/sec.
Westergaard C92) investigated the effect of virtual 
mass during earthquakes. He found the inertia-pressures to 
be neither excessively large nor negligible.
Szego (82) found that the virtual mass of a sphere 
is less than any other nearly spherical solid of equal volume.
Stelson and Mavis (80) presented an experimental 
procedure to calculate the added mass of different objects 
where they found similar results of Szego (82).
MpNown C55) studied the effect of the unsteady flow 
on the total resistance of a submerged body in a wave flume. 
The instantaneous force exerted on the body was recorded. 
McNown assumed that the total force is a summation of pres­
sure force, drag force, and inertial force and established 
a relationship between drag and inertial forces. By 
measuring the pressure forces, the drag and inertial forces 
can be estimated.
Wiegel et al (93) found, from a field experiment, that 
the virtual mass coefficient for cylindrical piles was 2.5 
with a normal Gaussian distribution about this average value. 
Considering the limits of accuracy of the tests, and the 
range of conditions, they found no relationship between the 
virtual mass coefficient and the flow condition as represented 
by Reynolds number, water-particle acceleration, or with 
the wave period.
Brater et al (7) adapted the McNown (55) procedure to 
determine the magnitude and characteristics of forces result­
ing from oscillatory waves on models of a submerged barge-like
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structure. They assumed that the maximum drag and inertial 
forces are out of phase by t t / 2  s o  both forces can be deter­
mined separately as follows
^ = <=d^-2^ + <2-231
where F = total horizontal force
c^ - drag coefficient
A = projected area of the object
c = virtual mass coefficient m
*Michael (50) considered the potential flow of an 
ideal fluid parallel to the line of centres of a row of 
spheres. He found that the added mass per sphere is a 
function of separation. For touching spheres the added mass 
per sphere is 0.173, this value increases with increasing 
separation reaching 90% of the isolated sphere value of 0.5 
when the spheres centres are a little over two diameters 
apart.
Chhndrasekaran et al (12) followed a similar procedure 
of Friedenberg (24) and Mavis (4 9) to find the virtual mass 
coefficient of submerged structures. They studied the 
effect of virtual mass on bridge piers during earthquakes. 
Their results- show the virtual mass coefficient decreases 
with increasing the fundamental frequency of vibration and 
increases with increasing the s-ubmergence level.
Lai (40) adopted Stokes flow drag to study the unsteady 
motion of a spheroid accelerating with an arbitrary manner in 
still,incompressible, viscous fluid. He found that the added
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mass is larger for bluff bodies than for streamlined bodies.
He pointed out that for the low velocity flo;vs the effect of 
the added mass on the motion is significant,
Yamamoto et al C98L presented a paper on wave forces 
on cylinders near a plane boundary. They found that the 
added mass could reach 2.3 times the displaced mass as the 
cylinder is on the boundary. Also, they showed the importance 
of the convective ambient acceleration; for one case investi­
gated, it was equal to 3 0% of the total acting horizontal
4
acceleration force. Their study was limited for some cases 
where the effect of the drag force is negligible, i.e., low 
values of Keulegan-Carpenter period parameter fell in the 
approximate range of 0,1 - 2.0 [Grace (28)].
Yamamoto (.97) has presented a theoretical derivation 
by applying Milne-Thomson's circle theorem to solve for the 
hydrodynamic forces on multiple circular cylinders. He found 
that the added mass coefficient of a stationary cylinder 
near another stationary cylinder in a uniform flow, varies 
from 5.6 to 1.0. In general, he found that the effect of a 
near by plane boundary i s 'to increase all of the force 
coefficients. Yamamoto also presented similar results in 
1976 at the 15th coastal Engineering conference.
The effect of roughness on the force coefficients was 
studied by Sarpakaya (75). It was found that while the 
drag coefficient increases with the relative roughness, the 
inertia coefficient decreases. The results of Sarpakaya 
show that the drag coefficient and inertia coefficient are 
functions of Reynolds number, Keulegan-Carpenter number, Kf
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and the relative, roughness. The resul-r= =lso show that the 
use of tire steady flow drag coefficient fnx harmonic flow 
is questionable. However the use of M c r t s o n ’s Equation 2.23 
was in good agreement with the measured f nr ces in the range 
of K values smaller than about 10. and larrrer than about 20.
In addition, Dean and Harleman d f  1, and Wiegel C941 
have presented more details on the p r c b i s r  of wave forces 
and wave structures interaction. However-, they discussed 
the problem of rubble mound breakwaters srnpirically without 
consideration of the virtual mass forcer _
2.5 Unsaturated Flow In Porous Media
The phenomenon of unsaturated f i n  porous media 
has been considered by hydrologists and m i l  scientists to 
study the infiltration problem. The c c s r  comprehensive study 
of the infiltration problem can be found dn  the work of 
Philip C68) . However, Nasser C61L was n h e  only researcher 
in literature to record the unsaturated d d o w  phenomenon in 
breakwaters (Fig. 2.2).
The following is a s-urvey of the n*ertinent literature 
on the unsaturated flow in porous m e d i e _
Kulte (39) discussed the factors influencing the Darcy 
conductivity of unsaturated materials. S s  found that the 
Darcy conductivity can be regarded as a single valued function 
of the capillary potential assuming the — nesence of a single 
valued function between the moisture ccn~cant and the capillary 
potential.
Gardner and Hsieh C26) have presennad some experimental
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21
studies which gave the following equation for the flow 
velocity in unsaturated porous media
V - -KfV* C2.24).
where K = hydraulic conductivity of saturated flow 
f = function of moisture content 
V(f) = gradient
• Brustkern and Morel-Seytoux C9)/ and Noblanc and • 
Morel-Seytoux (66), treated the infiltration problem as a 
problem of a two-phase flow in a porous medium. They 
limited their solution to Darcy's flows and assumed that 
the total velocity is the algebraic summation of water 
velocity and air velocity. Later, Morel-Seytoux (56) 
presented some collective work on the application of the 
two-phase flow concepts in the unsaturated situations of 
flow in porous media.
Taylor (83) pointed out the fact that in the con­
struction of roll-fill dams the soils are generally placed 
at a water content in which rolling leads to the maximum 
density. In such fills 10 per cent or more of the void 
volume is taken up by entrained air. Also he indicated 
that the entrapped gas, even in very small quantities, has 
a marked effect on the hydraulic conductivity.
Stewart and Davidson (81) studied the effect of air 
on the stability of fluidized beds. They found that for 
dense particles beds, which when normally fluidized by 
water containing visible water bubbles (eddies), the water 
bubbles are stabilized to a much larger size by the addition
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The effect of air entrainment on wave energy was 
discussed by Fuhrboter (251. He found that the wave height 
reduction due to air entrainment is given by
#  = «.251
where d^ = rate of wave height reduction
c = air concentration 
y = water depth (M.W.L.i 
H = wave height 
L = wave length
2 .6 Unsteady Non-Darcy Flow In Porous Media
One of the practical applications of unsteady non- 
Darcy flow is related to wave energy dissipation in rockfill 
hydraulic structures.. Knowledge of the flow within the 
rockfill protection of a dam would enable an engineer to 
determine the possible fluctuations in water levels at the 
impervious core and thus, establish a rational free board 
for the core. Also, more .insight into the influence of 
filter layers on the stability of armour blocks in protecting 
dykes or breakwaters could be gained by studying the unsteady 
non-Darcy flow in the filters.
The following literature on the unsteady non-Darcy 
flow considers the published solutions and techniques for 
unsteady Darcy and non-Darcy flows, with special focus on 
the research most closely related to the present study.
The equation for unsteady non-Darcy flow is given by
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Polubarinoya-Kochina (69) as
i =5 av + bv^ + c 3vat C2.26)
where a, b and c are constants.
This equation is similar to the unsteady Darcy flow 
equation given by Hunt [31)
-74. - av + ^ C2.27)
The term ~  ^  is usually neglected in Darcy flow, [see 
Ligget and Hadjitheodorou (45)]. Combining Eq. (2.27) with 
the continuity equation. Hunt (31) shows that
(x,y,t) = 0 (2.28)
Proudman (71) and Lean (43) give the simplified 
equations for turbulent flow through a permeable wave 
absorber as
h't = ’"(hu)^
ut = - g v
Ku u
(2.29)
(2.30)
where n = water surface elevation above the mean 
level
u = horizontal velocity 
K = a resistance factor 
h = mean water level depth 
Dewiest (18) treated the damping of the unsteady 
Darcy flow through a dam or levee with horizontal underdrain 
when the head behind was raised considerably. The analytical 
solution considered the unsteady flow as a time dependent 
perturbation of the final steady flow and the unsteady
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potential. The results were tested in a Heleshaw model.
Liggett and Hadjitheodorou (45) extended the work of 
Dewiest (18) to solve the above mentioned problem if the 
changes are geometricly large and occur in a short time.
Wigle (89i applied a finite difference technique to 
solve the problem of rapid drawdown in the two-dimensional 
rectangular section as shown in Fig. 2.3.
Wigle solved the Laplace equation
V^ cp = 0 (2.31)
where <j) represents the piezometric head as a function of x, 
y and t .
Dracos (19/ 20) applied the method of characteristics 
to determine wave energy dissipation in the Darcy regime. 
Dracos' analysis of the outcrop point movement will be 
discussed in section 2.7.
Verma and Brustsaert (88) solved the unsteady free 
surface ground water seepage problem using a similar pro­
cedure of Wigle.
Later, Bruch (8) used a finite element method to solve 
unsteady Darcy flow from à reservoir into an unconfined 
aquifer or vice-versa.
Desai and Abel (17) discussed, concisely, finite 
difference and finite element solutions for transient 
unconfined seepage. Both numerical solutions were compared 
to experimental results.
Newman (63) applied an iterative Galerkin-type finite 
element method to solve the equation of transient seepage in
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saturated-unsaturated porous media. He developed a numerical 
model which is capable, of handling non-uniform flow regions 
and arbitrary degrees of local anisotropy.
McCorquodale (51) examined the Navier-Stokes equations, 
and with the aid of a number of assumptions, derived the 
following equation
9 = - ( r ^ )  (’* + gè # )  «-32)
Combining Eg. 2.32 with the continuity equation
V *q = 0 (2.33)
yields the governing equation for two and three dimensional 
unsteady non-Darcy flow as
{ (a °
McCorquodale solved the above equation, for rapid 
drawdown in rockfill, using a finite element technique. He 
utilized a Lagrangian method to compute the free surface 
position at the end of each time increment. The inertia 
term was found to be small compared to friction.
Lean (43) linearized the quadratic friction term in 
Eq. 2.2 to solve the non-Darcy flow through wave absorbers 
with simple geometries. His solution is strictly applicable 
to low waves which do not break ac entry to the absorber.
Kondo (34) developed an analytical approach to solve 
for long waves interacting with homogeneous rectangular 
breakwaters. He coupled the external and the internal solu­
tions via the continuity of horizontal velocity and pressure
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at the sea-breakwater interface and obtained reflected and 
transmitted wave amplitudes.
Later, McCorguodale (531 modified his rapid drawdown 
finite element model and applied it to the problem of wave 
propagation in a rectangular rockfill embankment with an 
impervious core. He represents the tailwater piezometric 
boundary condition by a periodic time function. At the 
end of each time step, the position of the free surface is 
calculated from the previous known one, and the surface 
particle velocity during that step. The finite element model 
is capable of handling a layered rockfill of vertical slopes.
A similar theoretical approach to McCorquodale's was 
employed by Sollitt (79) in the derivation of the equation 
of motion for damped small amplitude water waves in a 
coarse porous medium. He used a linearization technique 
to account for the non-linear flow resistance to solve small 
amplitude wave motion in three breakwater configurations, 
namely : crib style, pile array and trapezoidal sections. His 
method yields a potential flow problem satisfied by an 
eigen series solution. Linear wave theory is assumed to 
apply outside the structure. Sollitt introduces what he 
terms an equivalent rectangular section to replace the 
trapezoidal one, provided that both sections possess the 
same submerged volume. The inertia effect was neglected for 
the crib style and trapezoidal types. He determines the 
transmitted, reflected and internal wave amplitude by 
matching the general solutions at the sea-breakwater inter­
faces, based on continuity of pressure and horizontal mass
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His analyvr_TTE:l solutions were verified by laboratory
tests.
Nasser considering the Dupuit-Forchheimer
assumption of parr=.l.lel flow, developed a hyperbolic system 
of partial differr=r:-rial equations governing the flow in the 
rockfill. Darccs ■ analysis of the outcrop point movement 
was adapted to t k =  non-Darcy flow and considered as an 
entrance boundary nondition. He used the method of charac-* 
teristics and f i m n a  difference to develop a model to pre­
dict wave transrmaaion and phreatic line profiles with time. 
He couples the e r r m a m a l  and internal solutions by satisfying 
the flow continirLry at the interface. To modify the 
solution for slog:a.—.g embankments, Nasser adapted Sollitt ' s 
assumption (79) = r  -the equivalent rectangular section. His 
numerical model w a a  tested by an extensive experimental 
3 tudy.
Madsen C4:'~~ discussed the complications involved in 
the problem of w=rr= transmission through porous structures.. 
He finds that a —inner of simplifying assumptions are 
necessary, e.g.: li) the structure is of a rectangular
cross-section; (Z -the incident wave is normal to the 
structure and m a y  h e  described by linear theory ; and (3) 
the flow resistance of the porous material is of the Darcy- 
type, i.e. , line.e— ~y  proportional to the flow velocity. He 
introduces the I c m c  wave assumption in addition to those 
mentioned previoms-hy to simplify the general series solution 
of Sollitt and C=c=:s C79). Madsen obtains the friction
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resistance of the known properties of the porous structure 
and assumed zero value for the added mass coefficient. His 
solution is limited to structures of limited width which 
is less than the incident wave length,
Madsen’s study as a recent work shows how much the 
problem of wave transmission through porous structures 
has been associated with many assumptions that are quite far 
from the realistic problem.
Very recently, Kondo et al C35). and Madsen and Stanley 
(4 8) approached the layered shore structures problems.
However,their contribution is limited to the transmission
and reflection calculation by applying the equivalent section
concepts.
2.7 Critical Evaluation of the Available Literature
The problem of developing a mathematical model to 
simulate the internal flow in a porous structure due to wave 
interaction is not an easy task. While the mathematical 
formulation of the problem is not difficult; the numerical 
procedure which takes into account the different aspects 
of the problem is difficult. This section is an evaluation 
of the available literature presented in sections 2.2 
through 2.5. This summary relates the available literature 
to the different aspects of the problem as indicated in the 
following remarks.
An examination of the extensive publications on the 
subject of flow in porous media reveals that there is no 
universal friction equation for the coarse granual porous
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media which is the usual construction material of porous 
structures. Also the available friction equations are 
limited to certain Reynolds number ranges and ignore the 
grain surface roughness.
The considerable amount of research on accelerated 
flow is limited to the area of submerged pipelines and off­
shore plateforms. The treatment of the inertia effect due 
to wave interactions with rubble-mound breakwaters has 
often been ignored. A quantitative analysis of the virtual 
mass problem in granular porous media has not been found.
The problem of air entrainment due to wave interaction 
with a porous structure is not well defined. Also the
effect of the entrained air on the flow resistance is not
known for the non-Darcy flow.
A mathematical model to simulate the internal flow 
in a porous structure of a trapezoidal cross-section and 
non-homogeneous composition has not been developed yet.
The majority of the available mathematical models deal with 
the wave transmission through rectangular sections.
It was felt that the above mentioned topics warrant
further research. In order to achieve the goal of this
thesis, an extensive experimental program was undertaken to 
explore the complicated subject of flow in coarse granular 
porous media under steady and unsteady flow conditions as 
well as air-water flow situations. The results of this 
experimental program were needed to develop the mathematical 
model.
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The mathematical model will consider irregular 
boundaries and non-^homogeneous media. A finite difference 
form of the characteristic method will be used to advance 
the solution in the x-t plane while a finite element method 
is used to solve the potential function distribution in 
the x-y plane. An additional experimental study was needed 
to obtain the necessary boundary condition at the interface. 
The published work of Darcos C201 and Chan ClOl are not 
suitable to provide this boundary condition since they do 
not yield the pressure distribution along the sloping 
interface.
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CHAPTER III 
THEORETICAL DEVELOPMENTS
3.1 Introduc tion
This chapter includes the derivation of governing 
equations for unsteady non-Darcy flow in a rockfill embank­
ment with an impervious core (Fig. 3.1.a). After the 
formulation of these basic equations the finite element 
formulation is presented, to solve the momentary internal 
flow. The concept of the characteristics - finite differ­
ence technique to solve any rockfill configuration or 
composition is given.
3.2 Internal Flow Governing Equations
The equations of motion and continuity, in porous 
granular media (rockfill embankments), can be derived from 
a flow element of unit thickness as shown in Fig. 3.1.b.
The pore velocity can be expressed by the means of 
the Darcy velocity, u, and the porous media porosity, m, 
as follows
" = S  (3.1)
The acceleration teirm, is
(3.2)
where c_ is an inertia correction coefficient based on the m
principle of virtual mass and g is a momentum coefficient or 
Boussinesq coefficient (13) .
These two corrections could be significant if the 
particles of the porous media are widely separated. In this
31
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study the effect of inertia will be investigated. The 
momentum coefficient, however, is assumed to be unity for 
flow in porous media.
Applying Newton's Second Law requires estimations of 
different forces acting on the flow element, namely the 
pressure force and friction force.
Considering the actual pressure distribution which 
can be evaluated by the finite element method, the difference 
in the pressure, AP, across the element is
-P(H^ + n)gm ^  + n) Cp|dx (3.3)
in which c^ = pressure distribution correction factor = 
(actual pressure force/hydrostatic pressure force)^
The friction force is given by
CpCx) = - p (Hq + n ) gmidx (3.4)
where i is the hydraulic gradient expressed in the Forch- 
heimer form as
i = (a + b lu 1) u (3.5)
Now the equation of motion can be written using 
equations 3.2 to 3.5
P(Ho + &E m  + m &  m) “
g
-p (Hq + n)gm (H^ + n) Cpdx - P (H^ + n) gmidx
or
The pore velocity should incorporate the vertical
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component, v, which changes the friction term to
i = (a + b|u^I)u (3.7)
where is the resultant pore velocity. This term will be 
discussed in more detail in Chapter VI.
Putting F = (a + bju^j) and multiplying by m, Eq.
3.6 can be rewritten as follows
it " + eiir " + “gtHo + n) ^<=p +
TO g Cp (H^ + ri) = - gF U m (3.8)
Applying the continuity principle to the flow element. 
Fig. 3.1.b, the net inflow is
-pfïï + n)dx = - p { u ^ ( H ^  + n) + (Hq + n)|x (3.9)
and the rate of mass change is
p m dx 1^ (H^ + n) (3.10)
From.the continuity principle these two quantities 
should be equal, so
+ n) + a  |^(H^ + n) + — 0 (3.11)
Equations 3.8 and 3.11 are the one-dimension governing 
equations for unsteady non-Darcy flow in porous media.
3.3 The Characteristics Developments
In addition to the equations of motion and continuity, 
two more equations are needed to construct the characteristics 
method. Usually the total differentials of the unknowns give
these two equations; the total differentials of the horizontal
macroscopic velocity, u, and the perturbation height, nf are
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du = fi dx + dt
° + it '3C
(3.12)
(3.13)
Writing Eqs. 3.8, 3.11, 3.12 and 3.13 in a matrix
form and assuming constant yields
'°m
u
m
0 mg<^- c 3u ?t
^-gFum'
0 Ho + n
m
1 um
3u
3x
r = <
0
>
dt dx 0 0
3n
3t du
0 0 dt dx 3n3x dn
(3.14)
In order that non-trivial solutions exist, the deter­
minate of the coefficient matrix be zero. This leads to 
two solutions.
Setting this determinant to zero leads to the follow­
ing positive and negative characteristic directions :
dx 3 - 1) + g (Ho + n) ^
-m
(3.15)
1- = (0-3 + i f )8 = H l  = (0
+ 3  52- 1) + g(H„ + n)
(3.16)
"m
If c = 1.0 and c =1.0, Eqs. 3.15 and 3.16 reduce to m p
a = ^ + ^ g ( H o  + n) (3.15.a)
and 8 = ~  - y  g(Ho +' n) (3.16.a)
Since g (H^ + n) is non-zero and positive, the system,
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Eq. 3.14, is hyperbolic, and the problem lends itself to 
treatment by the method of characteristics. However^ the 
method of characteristics is not capable of treating a 
general flow problem in porous media, i.e., non-Darcy flow 
in a non-homogeneous media of irregular boundaries. Equations 
3.15 and 3.16 are used to ensure the stability of the finite 
difference solution as shown in Fig. 3.2.
3.4 The Finite Element Developments
3.4.1 General
The finite element technique which has developed 
originally as a concept of structural analysis [Turner et 
al (87)], has been applied by Zienkiewics et al (102) to 
problems dealing with fluid flow.
The finite element method, like other numerical tech­
niques , is based on limiting the real system with an infinite 
degree of freedom to a finite number of degrees of freedom 
so that the computer solution can be obtained. However, 
this method has the advantage of a more convenient treat­
ment of nonhomogeneous, i.e., layered systems, with irregular 
boundaries.
3.4.2 Theoretical Derivation
The velocity components, u and v, in the two dimensional 
flow field, (x-y) , for an incompressible fluid can be expressed 
in terms of the piezometric heady (p r and representative 
hydraulic conductivity, K, in the forms
u = -K V = -K (3.17)
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A general form of Eq. 3.17 has been given by 
McCorquodale (50), where the inertia term was considered.
In this study, the inertia effect is included in the method 
of characteristic formulation.
For the momentary internal flow, shown in Fig. 3.1.a, 
the continuity equation can be written in the terms of Eq.
3.17 as follows
ly' “ ° C3.18)
which describes the momentary internal flow.
3.4.3 Variational Approach
For many boundary value problems, two equivalent 
alternative formulations exist. In the first, a partial 
differential equation is written, and its direct solution is 
attempted. In the second, the aim is to find a function 
that minimizes a functional which is characteristic of the 
problem under consideration Cll) •
The latter procedure, i.e., the variational approach 
has been successfully used to solve a wide range of incom­
pressible fluid dynamics problems (44, 52, 76).
Since the problem under consideration is dealing with 
a nonlinear and non-homogeneous medium of irregular boundaries ; 
the first approach is not followed.
McCorquodale (52) gives the corresponding functional 
of Eq. 3.18 as
X = //lKC|7*l ) + *') + GC lV4> 1) Jdydx (3.19)
A  ^
Where G ( | V(() |) is a continuity function.
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The solution of the nonlinear elliptic partial 
differential Eq. 3.18 is now reduced to finding the 
distribution of which minimizes x , subjected to certain 
boundary conditions.
3.5 Problem Formulation
3.5.1 Procedure
Knowing the upstream boundary conditions, Fig. 3.3, 
the finite element method can be used to solve the momentary 
internal flow. From the finite element solution representa­
tive values of pressure distribution correction factor (13), 
and the hydraulic conductivity of the porous matrix are 
estimated. At this stage, the finite difference-characteristic 
method is updated and then used to compute the variation of 
the free surface cc^.
3.5.2 The Finite Difference-Method of Characteristic 
Formulation
In order to make the two dependent variables, u and 
dimensionally identical, the following transformation is 
introduced:
c =>/.gCH + n.) C3.201o
where c represents internal wave celerity assuming shallow 
water waves.
Based on this transformation, the equations of motion 
and continuity can be altered, and expressed in terms of u 
and c through the substitution
â^gCH + n.) } = 2c dc (3.211
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Thus Eqs, 3.8 and 3.11 become respectively,
The characteristic directions, as given by Eqs. 3.15 
and 3.16, transform to
“ = Ü U  = («-5 + § ^ 1  5  ^  <3 -2 4 )
B = H i .  = (0.5 + 0 ^ )  ^  - 1) + C2 ^  (3.25)
The selection of a finite difference scheme to discre­
tize the equations of motion and continuity should be based
on the fact that the initial data for a hyperbolic equation 
determines the solution only within the region bounded by the 
initial line and its terminal characteristics (1, 78). An 
explicit scheme with a central difference in space and 
forward differences in time (see Fig. 3.2) would fulfil this 
requirement.
The derivatives in Eqs. 3.8 and 3.11 can be approxi­
mated as follows :
9u _ u (i, i + 1) - u (i,i)
3t At
9u _ u (i + 1, i) - u ( i - 1 ,  i)
3x + AXj^_i
9c _ c (i, i + 1) - c (i,j) 
at At
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_3c _ c (i + 1, i) - c ( i - 1 ,  i) 
3x Ax^ + Ax^_^
By means of these relations, Eqs. 3.8 and 3.11 
are written, in finite difference notations, (Ax^ = *AXj^ _^) , 
respectively as.
u (i, j + 1 )  = u (i,j) - -2 to  ^ 1 u (i + 1 ,  j) -
u (i - 1, j)J + me (i,j)c (i,j)j^Cp (i + 1, j) -
:p (i “ 1, j)J + 2mcp (i,j)c (i,j)|^c (i
c (i - 1, j)J + gF (i,j)mu (i,j) 2 Ax j
(3.26)
c ( i, j + 1) = c (i,j) - (i,j) j^c (i + 1, j) -
c (i - 1, j)J + Jl'Jl j^ u (i + 1, j) -
u (i - 1, j)j|
(3.27)
For stability and convergence requirements, Eqs. 3.24 
and 3.25 have to be satisfied, The details of these require­
ments can be found in Chapters VI and VII.
3.5.3 Initial Conditions
Assuming that the water is originally still, the 
solution must be initiated by the two conditions, (see Fig. 
3.3)
u = 0 and c = /gHo at t = 0
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3.5.4 Boundary Conditions
a. Core Boundary Condition
Assuming there is no flow across the impervious core, 
normal velocity is given by (see Fig. 3.3)
Un = 0
nr =J_1 values of t.
b. Entrance Boundary Condition
A  time dependent function is needed to represent the 
r=m=nt of the outcrop point (point c in Fig. 3.3) along
w   the pressure distribution on the upstream slope BD.
F:. a function may be utilized as an entry boundary condi-
tr_=r. at the water-rockfill interface.
Nasser (61) modified the Dracos (20) analysis of the
cu.: op point movement and obtained an approximate solution
f = r  a  rectangular embankment. However, Dracos’ method cannot 
b e  n s e d  for this study because it does not give the pressure 
(frr^rzribution along the upstream slope BD.
An experimental investigation is needed to give the
J. pressure distribution along the water-rockfill inter-
The details of this investigation can be found in 
:^5at:ers IV and V.
3.5.5 The Unknowns At The Boundaries 
From the foregoing analysis, (see 3.5.4), it is 
that only one of the two dependent variables is 
at each boundary. The other dependent variable remains 
i>e found. To make use of the available information at
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each boundary at time Cj + l i , the equations of motion and 
continuity are added to yield
°m I f  ^  ^  + 2 Cu + mcpcl
fx ^ 1 ^  “ -gmFu C3.28)
Substituting u=Q at the N t h  column and discretizing 
Eq. 3.28, using forward difference both in space and time, 
an a-characteristic difference equation is obtained as
c CN, j + 1) = c (N,j) + Y  CN,j)u CN - 1, j) -
me CN, j ) c Ci, j ) j^ Cp (N, j ) - Cp (N - 1, j )j -
2mc CN,j)Cp CN,j)|^c (N, j) - c CN - 1, j) j|
C3.29)
Similarly, subtracting Eq. 3.25 from Eq. 3.24 leads
to
c m | ^ - 2 m | |  + (g - o! | f + 2  CmCpC - u)
~  + mcc 1 ^  = -gmFu C3.30)
Upon discretization as before, a g-characteristic 
difference equation is obtained as
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u (i, j + 1 )  = u  Ci/jl + ^ c i [^ Ci / j + 1 ) - Ci -
j)
U Ci, i ) j + 2j^mCp Ci,]) Cj^  Ci,j) - uCi,j)J 
l^ c Ci + 1 / j ) “ ^i Ci , j )J + mCj_ Ci , j ) Ci ,  
j^ Cp (i + 1, j) - Cp Ci,] )j + gmF Ci,j)u Ci,])
Ax^l C3.31)
which can be used to calculate the unknoim velocity at the 
outcrop point.
In Eq. 3.3. Ax^ is the length of the first space 
division (see Fig. 3.3) and c^ is obtained from the upstream 
boundary condition [c^ = /gyl and y^ = function (time)].
3.5.6 The Finite Element Formulation
In this section a brief presentation of the formulation, 
of the momentary non-Darcy flow finite element model, is 
given. The details of this formulation are given in Appendix 
A.
In applying the finite element method, C52, 53, 101,
102, 11, 17, 29, 63), to the momentary internal flow, the 
formulation of the problem can be outlined as follows ;
1. The entire flow region under study is divided into a 
number of finite subregions called finite elements, 
whose geometries are defined by a finite number of 
nodal points. In the current application, these elements
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are triangular. A typical triangular discretization of 
a momentary flow case is shown in Fig. 3.4.
2. A simple polynominal approximation of the piezometric 
head/ <pr is used in each element and is expressed in 
terms of the nodal values of the unknown function, so 
that thé overall representation is continuous.
3. The overall approximate solution is obtained by forming 
a linear combination of element approximation terms 
and coefficients which are the nodal values of the 
unknown. The variational approach is then applied to 
obtain a system of nonlinear simultaneous equations.
4. Finally, the physical quantities of interest, such as 
pressure and velocity are estimated.
3.5.7 The Numerical Solution of the Finite Element 
Method
When the finite element method is introduced, the
free surface will be known from the finite difference-
method of characteristics solution, and the formulation of
the numerical values of the different element stiffness
matrix S . . will be possible. Fig. 3.5 shows the flow chart 
J
required to calculate the stiffness matrix for every element,
The second step is to calculate the nonlinear conduc­
tivity terms based on the available piezometric head values 
at every node. Fig. 3.6 shows the required flow chart to 
calculate these values. Then a set of linearized equations 
can be formulated. Fig. 3.7 shows the flow chart required 
to assemble these equations.
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In this study, the linearized system was solved by 
a successive over-relaxation (SOR) technique. Kahan (100) 
has indicated that the symmetric positive definite matrices 
that are often obtained by the variational approach can be 
solved by SOR even though they do not possess property 'A'.
The optimum over-relaxation factor for the linearized system 
was found by experimentation with the computer. Fig. 3.8 
shows the flow chart of the SOR procedure.
3.5.8 Boundary Conditions For The Finite Element 
Method
In order to complete the problem, the overall varia­
tional Equation (A.28), must be subjected to the boundary 
conditions shown in Fig. 3.5. The known values of (p on AC 
and CD can be entered directly into equation A.28 and yield 
the constant vector in the linearized system.
{W} = [A] {(f)} (3.32)
3.5.9 The Pressure Distribution Correction Factor
Equation 3.32 is solved for the piezometric head then
the internal pressure distribution can be found. In order 
to estimate the pressure distribution correction factor, cp, 
the internal pressure force at a particular section is 
obtained by integrating the pressure distribution and compar­
ing it to the assumed hydrostatic pressure distribution 
(section 3.2).
The combined flow chart of the method of characteristics 
and the finite element method, Fig. 3.9, includes a special 
subroutine (PRCOR) to compute the pressure distribution cor­
rection factor.
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The listing of the computer programme is given in 
Appendix G,
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CHAPTER IV 
EXPERIMENTAL STUDIES
4.1 Introduction
The main objective of the experimental program was to 
answer the following questions relating to wave transmission 
through rubble-mound breakwaters or rockfill embankments;
a. What is the effect of entrained air on the 
hydraulic conductivity?
b. What is the value of the virtual mass coefficient 
for granular porous media?
c. What is the nature of wave motion on sloping 
embankments and what boundary condition can be 
used to describe this motion?
The answers to these questions will give the necessary 
information needed to establish a general numerical model for 
the flow problem in rockfill embankments. The answers for 
these questions were not found in the literature (47, 59, 74).
Some preliminary work was required to establish the 
steady resistance characteristics of the media. Four media 
were used, namely: 1.59 cm and 7.92 cm river gravel; and
1.67 cm and 4.36 cm crushed rock as shown in photograph 4.1. 
These materials were used to evaluate the entrained air and 
acceleration effects on the flow resistance. This will be 
discussed in the experimental procedure section.
Once the results of the resistance equation, air 
effect, virtual mass coefficient, and the wave motion on the 
sloping embankment studies were found, the numerical model
46
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-these results as an input to solve the problem of wave 
— =»-:=-rrS RRÎ nn through rockf ill embankments.
The physical properties of the 7.92 cm river gravel 
ifsrs determined while making use of previous studies carried 
crzr a.t the University of Windsor (51,60,64) for other porous 
The hydraulic properties of -the four different
•=2--r=crials were determined for every test.
Wave flume experiments were carried out to answer 
^grsstions in connection with wave motion on sloping face 
rzr=tkwaters.
Experimental Apparatus
4.2.1 Unsaturated Flow Set-up
The set-up for the unsaturated flow study is shown 
^  photograph 4.2. A schematic of the set-up is shown 
Fig. 4.1.
The assembled apparatus consists of a u-tube with 
— ^-1.6 cm I.D. plus a water recirculating reservoir 137.2 cm 
46.0 cm and 61.0 cm deep, all built from plexiglass. This 
^ o s e d - l o o p  system has the advantage of producing co-current 
counter-current air-water flows. A screen was used to 
the porous media in place.
Three pairs of piezometric taps were fitted along the 
—^ g t h  of the test section in order to measure the average 
^iecometric head drop across the porous media for water and 
tZLT—water flows.
The water was circulated by a low head centrifugal 
J'unis with a capacity of 0.0063 m^/s (100 USGPM) .
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The pump discharge was measured by an orifice plate 
placed between two tapped flanges. The taps were connected 
to a pre-calibrated, reservoir type manometer to give the 
rate of flow in USGPM. The laser anemometer was used to 
check the rate of flow.
The rate of air flow through the diffuser was 
measured by a ball-float system, rotameter. The calibration 
curves supplied by the manufacturer were used.
The specifications of the rotameter are given in 
Appendix B.
4.2.2 Accelerated Flow Set-Up
The experimental apparatus and set-up for the virtual 
mass evaluation is shown in photographs 4.3.a and 4.3.b, and 
schematics are given in Figs. 4.2.a and 4.2.b.
The test section (15.24 cm square and 61.0 cm long) 
was built from plexiglass. Two screens were used to hold 
tdie test media in place. The inlet tank (60.0 cm square and 
, 240.0 cm height) was connected to the test section through 
a square be11-mouth transition. In the steady flow part 
of this study a rubber tail end was used (photograph 4.3.a 
and Fig. 4.2.a). This tail end was replaced by an upright 
square, 15.24 cm, section in order to carry out the rapid 
acceleration tests (photograph 4.3.b and Fig. 4.2.b).
Water was supplied to the inlet tank by a 0.015 m^/s 
(240 USGPM) centrifugal pump through a 15.25 m constant head 
tank. The rate of flow was found by reading a precalibrated, 
reservoir type, manometer which is connected to a venturimeter
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in the inflow pipe. The steady flow was checked against the 
laser anemometer to establish the calibration relationship 
for the unsteady flow tests.
, Two piezometric tubes, 2.54 cm diameter, were used 
to measure the piezometric head drop across the length of 
the tested media for the steady flow tests. Two pressure 
transducers were fitted, as shown in Pig. 4.2, and calibrated 
for the steady flow tests. These were used to measure the 
piezometric head drop for the accelerated flow tests.
The specifications of the pressure transducers and 
recorder unit, used for the recording of unsteady flow 
velocity and pressure, are given in Appendix B.
4.2.3 The Set-Up for Wave Motion on Sloping 
Embankments
The test flume used for this study is shown schemati­
cally in Pig. 4.3. It is made of aluminum with plexiglass 
walls. The entrance to the flume is regulated by a steel 
gate; this gate was closed and sealed completely to represent 
the impervious core of the test embankment. The tail gate 
was also closed and sealed, so a wave flume would be avail­
able for the present study.
The wave generator consists of a slider-crank mechanism. 
The wave generator can be set up to produce the desired wave 
by changing the motor speed and the slider-crank driving rods 
position on the flywheels. The wave generator was set to 
produce shallow water waves. Photograph 4.4 shows the set-up 
and Fig. 4.4 shows the main elements of the wave generator.
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The test embankment was built from 4.36 cm crushed 
rock with an upstream slope of 2.5 horizontal to 1.0 vertical, 
A steel screen was laid on the slope to keep the piezometric 
tubes in place, as shown in Fig. 4.5. The instantaneous 
pressure distribution along the upstream slope was recorded 
using two pressure transducers and a two-channel 
recorder for representative wave conditions.
4,3 The Experimental Procedures
4.3.1 The Characteristics of the Porous Media
The following properties of the media were considered:
a. The size of the individual grains, e.g. equivalent 
spherical diameter,
b. The distribution of grain sizes,
c. The particle shape factor,
d. The density of the rock particle,
e. The porosity of the media.
These properties were determined for the 7.92 cm 
river gravel. The properties of the 4.36 and 1.7 crushed 
rock and the 1.5 9 river gravel were obtained from previous 
studies (51, 64).
Grain Size Determination: All the particles of the
7,92 cm river gravel, used for the slow acceleration test, 
were considered to determine grain size of the media. The 
individual particle size was determined by observing the 
displaced water volume in a beaker due to immersion of the
particle. The sieve size was approximated by measuring
the maximum and the minimum mutually perpendicular axis.
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Grain Size Distribution; The standard deviation of 
measured particle size was chosen to indicate the distribution 
of particle sizes of the media.
Particle Shape Factor; The particle shape factor, ql, 
used in this study is defined as follows
_ _______Particle Surface Area_______ .
5 Surface Area of Equivalent Sphere '
The particle surface area was determined by coating 
the particle with aluminum foil. The coating was carefully 
peeled off and flattened. The outline of the coating was 
traced on a piece of paper and the outlined area measured 
with a planimeter.
Density of the River Gravel Particles ; The density of 
the river gravel particles was determined by measuring the 
mass of each particle on a scale balance and dividing this 
mass by the volume as was determined before.
The Porosity of the Media; In the unsaturated flow 
and accelerated flow tests, the insitu porosity was determined 
by sealing one end of the test section and weighing the amount 
of water required to fill* the voids. In the wave motion study, 
the porosity, ra, of the embankment was determined from the 
following equation
m - 1 n (Total Weight of Rock)/ (Specific Weight)
“ Volume of Embankment
4.3.2 The Unsaturated Flow Tests
The granular media was placed in the test section over
the supporting screen up to the required level, approximately
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60 cm. The test section was placed on a vibrating table 
during filling so maximum compaction could be achieved.
The circulation tank was filled with water slightly over 
the mid-depth, about 35 cm. The circulation pump was 
started and the control valves were used to adjust the 
water discharge. The pressure drop along the test section, 
the rate of flow from the flowmeter, the laser anemometer 
readings and the water temperature were recorded for the 
stabilized flow conditions. The air flow was started and 
varied for the same water flow and the previous readings 
were recorded along with the air flow rate. The water flow 
was changed and the saime procedure was repeated. Co-current 
and counter-current tests were performed.
This procedure was carried out for three sizes of 
rock; namely; 4.36 cm, 1.67 cm, and 1.59 cm.
4.3.3 Accelerated Flow Tests
The tests section was placed on a vibrating table and 
filled with the granular medium. This vibration achieved 
maximum compaction and avoided excessive movement of the 
media under the acceleratéd flow tests. The test section 
was slightly over filled and the two screens were connected 
with fine steel wires to ensure the stability of the media. 
The steady flow test was carried out by starting the pump 
and adjusting the control valve to the desired flow rate. 
After allowing sufficient time for the flow to reach equili­
brium, the piezometric-head drop across the test section, 
pressure transducers readings, the flow rate, the laser
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anemometer reading and water temperature were recorded.
The unsteady flow test consisted of two phases. The 
first phase included free gravity flow. The head tank was 
filled with water, then the control valve was opened very 
rapidly. In the second phase, the head tank was filled 
with water up to level c-c. Compressed air was applied 
through vent CA to depress the water in the upright section 
to level D-D. The air was suddenly decompressed through 
the vent AR (see Fig. 4.2). The instantaneous velocity and 
pressure readings were recorded along with the water tempera­
ture .
The above procedure was applied for the four different 
media in the case of the slow acceleration. The large size 
river gravel was not utilized for the fast acceleration phase,
4.3.4 Wave Motion on Sloping Embankments 
The flume was filled with water to the required mean 
water depth, 35 cm, which was chosen to represent a typical 
test case. The stroke was set and the wave generator was 
started; then the speed was adjusted to the required wave 
period. Only the first four waves were considered to 
avoid any reflection effect. The wave height and period 
were recorded while a 16 ram movie film was taken to analyse 
the wave motion on the slope.
The pressure distribution along the slope was obtained 
by recording the instantaneous pressure at five points on 
the slope as shown in Fig. 4.5.
The entrained air phenomenon under wave action was
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observed and regions of the embankment that experienced this 
effect were determined.
4.4 Experimental Results
The experimental results are presented in the same 
order as the experimental procedures.
4.4.1 The Characteristics of the Porous Media 
The results of mass and volumetric measurements of
individual river gravel grain along with the calculated 
equivalent sphere diameter, standard deviation, density and 
shape factor are given in Table 4.2. The insitu porosity 
for the different set-ups are given in Table 4.3.
4.4.2 Unsaturated Flow Tests
Readings of water and air discharges and piezometric- 
head drop for the entrained air studies are given in Tables
4.4 to 4.6.
4.4.3 Accelerated Flow Tests
Tables 4.7 to 4.10 give the experimental results for 
the slow acceleration tests. Tables 4.11 to 4.13 give the 
fast acceleration tests results.
4.4.4 Wave Motion on Sloping Embankments
The piezometric-head measurements along the slope 
are shown in Fig. 4.6. Table 4.14 gives the data obtained 
from the movie film which described the wave surface profile 
over one wave period. This information was obtained by 
projecting the picture to about one-half the actual size on 
sheets of paper. The wave surface was traced off and was 
used to obtain the outcrop point movement CFig. 4.71.
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Th.e unsaturated flow regions data are given in Table 
4.15. Photograph 4.5 shows the air entrainment phenomenon 
that was observed experimentally.
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CHAPTER V 
ANALYSIS OF THE EXPERIMENTAL DATA
5.1 Introduction
In this chapter, the experimental resistance equations 
for coarse granular media are developed in dimensional and 
dimensionless forms. An empirical equation is presented to 
determine the effect of entrained air on flow resistance in 
porous media. The inertia coefficient for coarse granular 
media is estimated. The wave motion experimental data are 
reduced to convenient forms to give the required upstream 
boundary condition.
Utilizing the measured porous media characteristics 
(size and shape), a general resistance equation for coarse 
granular media is developed using the experimental data of 
this study as well as data of other studies (3, 21, 23, 37,
42, 51, 60, 64, 73, 90). The general resistance equation will 
be used as a basic equation in the air-water study as well as 
the accelerated flow study.
The results of this analysis will be used in the finite 
element-method of characteristics model.
5.2 The Granular Media Characteristics
There are several ways of defining the grain size in 
granular media. In this thesis, two measures of grain size 
are used,
1. geometric mean sieve size, i.e..
in which and are the class limits of the media.
56
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2. geometric mean diameter, i.e., the geometric mean 
of the individual particle measurements as was 
obtained from
Mg = \Id ^P^777d ^  (5.2)
Figure 5.1 gives a comparison of these two measures.
Table 5.1 gives the grain size measurements of the 
material used in this study and in previous research (51, 60,
64) .
A number of particle shape factors are also presented 
in Table 5.1. These values represented the arithmetic 
averages of the shape factors calculated for different sizes.
The shape factor used in this thesis is defined as
_ _____ Particle Surface Area  , c
^ Surface Area of Equivalent Sphere
Figure 5.2 shows the variation of the shape factor with 
particle grain size.
5.3 Analysis of Flow Data
5.3.1 Characteristic Length of the Media
A universal definition for the characteristic length of 
the porous media is not available. The following are some 
ways to express this important characteristic of a porous medium:
1. Grain diameter (Rose (73) and Todd (83));
2. Pore diameter (Wright (96));
3. Square root of the permeability (Harleman et al (30) 
and Ward (90));
4. Hydraulic radius of the media (Mott (57), Ergun and 
Orning (23)).
In this thesis, the effective hydraulic radius is used
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to represent the pore size, d, thus:
Total Volume of Voidsd = Total Surface Area
cr: (5.4)
6 ■ /I (1-m) iff, + ^
where f = accumulative frequency of the granular material;
• D(f) = grain size, finer than f by weight;
= hydraulic radius of the permeameter; 
a ~ shape factor; 
c^ = empirical coefficient to account for the wall 
effect.
5.3.2 Wall Effect in Permeameters
Equation 5.4 already incorporates a wall effect term 
since the insitu porosity depends on the wall effect. The 
hydraulic radius is a function of porosity, grain and permea­
meter size. Dudgeon (22), Mott (57) and Ng (64) have demon­
strated the effect of the wall zone on the overall porosity 
of a porous media in a permeameter. Dudgeon showed that the 
effect of the wall on porosity was restricted to about 1/2 
grain diameter from the wall and that the porosity in this 
zone was approximately 0.5 for rounded material. This would 
also be expected from a theoretical point of view. The work 
of Mott (57) indicates that the apparent wall porosity for 
rough irregular particles is much higher than for smooth 
rounded particles (e.g.,m>0.60 for coke particles). This can 
be explained by the increased bridging of the rough irregular
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particles as well as the tendency for point rather than flat
surface contact with the wall. In the case of ungraded
material, it is probable that the effective wall zone will be
reduced to something less than h the median diameter.
Based on the work of Dudgeon (22), Mott (57) and Ng 
(64), the following semi-theoretical equation (54) is proposed 
to relate the interior porosity in a permeameter to the total 
porosity including the wall effect.
%
(5.5)
where d^ = reference grain size - d^^;
D^ = permeameter diameter;
m^ = total porosity; m^ = internal porosity 
"w “ porosity = 0 . 4 8 ^ 1 1 ^ - ^  ;
<j)^ = angle of repose of the grains ;
(j>Q =. angle of repose of smooth rounded grain (see 
Chow (13)).
Figure 5.3 shows the predictive accuracy of Eq. 5.5.
5.3.3. Effect of Grain Roughness
The effect of surface roughness is usually ignored; 
however, for the high velocity and large particle size, this 
is probably not justified. The crushed rock used in this 
study had a surface roughness similar to concrete (e = 0.1 mm), 
while the river gravel was considerably smoother (e = 0.02 mm). 
For 45 mm rock at a pore Reynolds number of about 1000, the 
relative roughness would be about 0.04 for the crushed rock 
and 0.006 for the river gravel, and the Darcy friction factor
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would be 0.07 and 0.04 6, respectively. A hydraulically smooth 
surface at the same Reynolds number would have a friction factor 
of about 0.04. Since the head loss through a coarse porous 
medium is due to form drag and skin friction the following 
term should be included for the high Reynolds number, i.e. 
turbulent flow,
N. %
%
where = empirical constant for a particular flow regime;
fg = net Darcy friction factor for rock and permeameter 
= Darcy friction factor for a hydraulically smooth 
surface.
5.3.4 Particular Resistance Equation
In this section the experimental results of air-water 
flow study for non-air cases and the steady flow of the 
accelerated flow study are correlated according to Forchheimer 
form. Figures 5.4 and 5.5 show the reduced experimental data 
of this study. Tables 5.2 and 5.3 give the Forchheimer con­
stants (a and b ) , number of observations, and the correlation 
coefficient, RR, obtained by the method of least'square. The 
Forchheimer form was defined in Chapter I I .
5.3.5 General Resistance Equation
A general resistance equation should take into account 
the points discussed under 5.3.1 to 5.3.2. The following 
equation, developed by McCorquodale et al (54), is used to 
analyze the experimental data of this and other investigations 
(McCorquodale (51) , Nasser (60) , Ng (64), Ward (90), Ahmed 
and Sunada (3), Rose (73), Dudgeon (21), Lane (42), Kovacs (37));
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y = Ca + Cfa (Nj^  ^  + Ng)X (5.6)
 ^ o
where Y = ■• = dimensionless resistance (5.7)
X = ) = pore Reynolds number (5.8)
and c^, Cj^ , / nl, and n2 are empirical constants for a 
particular flow regime. The exponents nl and n2 in Eq. 5.8 
were varied in order to investigate the effect of different 
shape factor and porosity functions on the proposed general 
equation. At a low Reynolds number, Rp<500, fg - f^ and the 
effect of friction disappears. This effect was found experi­
mentally as will be discussed later in this section.
Thirrot (84) has summarized a number of attempts to 
correlate data on non-Darcy hydraulic conductivity. In this 
thesis, the following approaches were utilized.
• A. The Harleman method (30), used by Ward (90), Ahmed-
Sunada (3), which uses the square root of the Darcy 
permeability of the media to represent the charac­
teristic size of the hydraulic passages.
B. The hydraulic radius method suggested by Ergun and 
Orning (23), and used by Wright (96), Mott (57), 
Kovacs (37) and others (77).
C. Modifications and combinations of A and B as 
represented by Eq. 5.8.
The hyperbolic correlation equation introduced by 
Kovacs (37) was utilized with the above approaches.
The Darcy permeability, k, was found graphically by 
determining the ordinate intercept, a, of the Forchheimer 
equation:
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~  = a + bq (5.9)
from which ^ _ yi
ipi" (5.10)
In Fig. 5.6 the equations of Ward (90) and Ahmed and 
Sunada (3) are compared with the experimental data used in 
this study. Their equations appear to be quite good at lower 
Reynolds numbers but less satisfactory at the high Reynolds 
numbers. This is not surprising since the experimental data 
of Dudgeon (21) and Nasser (60) showed a change in the slope 
of the i  v s . q plot for pore Reynolds number in the order of 
500. Some typical cases derived from the work of Dudgeon are 
given in Fig. 5.7,
The hydraulic radius model was applied to all the data. 
Then the data were split into high and low Reynolds number 
classes with division pore Reynolds numbers in the range 300 
to 700. The best correlation was obtained with R_ = 500 as 
the upper limit of the low Reynolds number class.
The following equations were obtained
y = 4.6 + 0.22 Rp; Rp<500; RR = 0.94 (5.11)
y = 105.0 + 0.12 Rp; Rp>500; RR = 0.86 (5.12)
The Kovacs type of equation that best fits all the data
IS
3/4 / R^ \3/4
= 1 for all R„; RR = 0.94(a) - m P (5.13)
_ igmd^ _where y = —^---- = dimensionless resistance;
Rp = ^  = pore Reynolds number;
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RR = correlation coefficient
The above correlation procedure was repeated using 
the Ward's porosity function with the following results:
Y = 4.6 + 0.79 R ; R <125; RR = 0.945 (5.14)w w
y = 110. + 0.37 R ; R >125; RR = 0.86 ' (5.15)w w
Kovacs' equation that best fit all the data is;
( A f  - (A,)"' -.
where R^ = —  = Ward Reynolds number
Improvements to Eq. 5.11 to 5.16 were sought in the 
form of Eq. 5.6. Variation of nl did not significantly 
improve the correlation, thus it was taken as zero. Similarly 
the correlation coefficient was relatively insensitive to n2. 
The correlation of the data was improved by incorporating a 
skin friction correction for the higher Reynolds number regime 
The best overall fit was obtained with = 0.5, N 2 = 0.5, 
and c^ = -0.5. The following forms of Eq. 5.6 were found to 
have almost the same correlation coefficient:
Modified Hydraulic Radius Equations
y = 4.6 + 0.26 R'; R' <500; RR = 0.90 (5.17)
P P
y = 55.3 + 0.10 R' (1 + f_/f_) ; R' >500, RR = 0.9 9P w O P
and (1 +
^ 4 . 6 j  10.9 )
for all Rp; RR = 0.99
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Modified Ward Equation
y = 4.6 + 0.93 R'; R'<125; RR = 0.92 (5.20)w w
y = 70.0 + 0.27 R' (1 + f /f ); R^>125, RR = 0.99 
for all R^; RR = 0.99
â ^ crwhere R ’ = — ^ = modified pore Reynolds number
p vm ,1/2-3 I /
R' = — ^-----  = modified Ward Reynolds number
w V
and d' is based on c , = -0.5 in Eq. 5.4.w
Eqs. 5.19 and 5.22 along with the experimental data 
are shown in Figs. 5.9 and 5.10 respectively. The term 
'University of Windsor" refers to the experimental results 
of this research as well as previous studies of McCorquodale 
(51), Nasser (60) and Ng (64). These data are given in 
Table 5.4.
5.4 Analysis of Air-Water Flow in Granular Media
In this section the two phase flow techniques are used 
to analyze the experimental results of air-water flow study. 
The effect of entrained air on the hydraulic conductivity 
will be found as a function of air fraction in the porous • 
media.
5.4.1 Two-Phase Flow Models
The commonly used models (86, 89) for two-phase flow 
in ducts are the homogeneous model, the separated flow 
model,and the drift-flux model.
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Single phase flow in porous media can be classified, 
as shown in Chapter I, as Darcy or non-Darcy, which includes 
non-linear laminar, turbulent transitional and fully turbulent; 
however, a similar classification does not exist for two- 
phase flow in porous media. Flow regime maps C72, 89) exist 
for gas-liquid flow in straight pipes. In this case, the 
flow regime refers to the morphology or flow patterns of the 
gas-liquid interfaces, e.g., bubbly flow, mist, slug flow 
and annular flow. The flow regime determines the best form of 
model to be used.
Observations (61) of air water flow in crushed rock 
wave absorbers indicate that the flow through the pores is 
either bubbly or slug flow. Thus the separated flow model is 
not applicable.
5.4.2 Homogeneous Flow Model
The homogeneous model assumes that the two phases have 
negligible relative velocities and are sufficiently dispersed 
so that the mixture may be treated as a pseudo-single phase 
fluid. Typically this equivalent fluid would have the follow­
ing average properties and parameters :
%  = V Q n ,  ^5.24)
Pm = V a  + Cl - “J P „  C5.25)
Pm = V a  + Cl - C5.26)
'm = V f  (5-^7)
^ a  = = ^«m = K  ÿ  - V -
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in which Q = volumetric flow; = air fraction;p = density; 
y = viscosity; J = volumetric flux; A- = flow area; AH = 
piezometric head drop over a vertical distance Az (for co­
current upward flow the sign on the second term on the right 
hand side of Eq. 5.26 will be negative while for all other 
flows it will be positive). ; f = Darcy friction factor; = 
hydraulic radius; and subscripts a, w and m refer to air, 
water and mixture respectively.
The homogeneous model is applicable to fine bubbly 
co-current flow. The following form of the head drop is 
proposed to replace Eq. 5.28 for non-Darcy flow through 
porous media.
AH^ = Ca + bq^)q^Az (.1 - aj ± o^Az C5.29)
where a and b are the constants in Forchheimer equation
defined, in general, as
p = C5.30)
b = C5.31)
»
where q_ = J from Eq, 5.27. Equations 5.23 to 5.26 are m  m
assumed to remain unchanged for flow in porous media.
The experimental head drop data are compared in 
Fig. 5.10 with those predicted by the homogeneous model in 
the form of Eq. 5.29.
5.4.3 Bubble Drift-Flux Flow Model 
The drift-flux model considers the relative motions 
of one phase with respect to the average motion of the mix­
ture. This model is a special application of the separated
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riodel which can be used when one phase is discontinuous, 
h-zbble flow, slug flow and sedimentation. Typically, 
xodel, for an air-water mixture can be represented by 
rcULowing equations :
V  =  V -  Ü  -  V "
n ,  = Cl - V  * V  C5.341
r = drift-flux aw
= terminal velocity of the bubbles.
- i  = Cl - V  C5.3S1
Tiie drift— flux model as presented by Eqs. 5.32 to 
5-ZE be modified, using the Forchheimer equation, to
srzgzi? -no bubbly flow through a coarse porous media by 
h a n g i n g  tbe form of the head drop equation, i.e.
= Ca + (1 - «„,) ± C5.361
"'(tsce c  =  J and is given by Eq. 5,27 and R/ instead ofm  . n
^  m  Hbs- 5.30 and 5.31.
3e f c x e  solving Eqs. 5.32, 5.33 and 5.36 in the bubble 
r modelr expressions for n and v^ must be obtained.
Lent n was found by plotting J,,, versus foraw m
-raines cf n in the range of 1 to 2 and selecting 
m  m m  tbe cmrre which best fitted the experimental data 
^  sr-— gr—  ■ - — Pig. 5,11. This result was checked using
xfimg point method given by Wallis [891. The best
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value for n was found to be 1.25. The terminal velocity of 
air bubbles was approximated by (.15)
Voo =  C5 . 3 7 )
in which = effective bubble radius which was approximated 
by twice the average hydraulic radius of the pores. Eq.
5.37 was confirmed by bubble transit time measurements across 
the porous medium utilizing bursts of bubbles in low concen-* 
trations.
In applying the bubble drift-flux model Eqs. 5.32 
and 5.33 are solved simultaneously for which in turn is 
substituted into Eq. 5.36 to obtain AH^. The predictive 
accuracy of this model is indicated in Fig. 5.12.
5.4.4 Slug Drift-Flux Flow Model
The drift-flux model may also be applied to slug flow
C89) by utilizing the fact that the relative velocity of
the air is given by
(.5.38)
for slug flow (neglecting wall and wake effects). Therefore,
• I
“m = ^  = 5-^  o\ A,v„ (5.39)
in which v^ = air velocity =
Eq. 5.39 is applicable to tubes with negligible wall 
friction and no wake effects between slugs. A more general 
statement of Eq. 5.39 is
““ ° °1 (°a ^ + -=2V -
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where and are empirical correction factors for wakes,
wall and tube shape effects, in ducts, both c^ and c^ are 
greater than one (65, 8 9).
Application of the slug drift-flux model requires 
estimates of the empirical constants c^ and c^ as well as 
^oo. Equation 5.37 was used to determine A number of
air flow tests, with zero water flow, indicated that c^ -^  1.2 
and Cg varied from 2.4 for the 1.59 cm river gravel to 1.6 
for the 4.36 cm crushed rock. Other tests with low air flow 
to water flow ratios indicated that c^=1.0 and c^ = 1.0.
The slug drift-flux model, in the form
■ a =m Ci(Qa + Q^) + c^A^v^ C5.'41)
cind
= Ca + bq^)q^Az Cl - ct^ ) ± C5.42)
where c^ = 1.0 for all materials used
[2 9 C - | ^ )  ( q  ^ | q ^ 1 >
and 0 ^ = 6  (5.43)
is compared with the experimental data in Fig. 5.13.
5.4.5 Effect of Entrained Air on the Hydraulic 
Conductivity
A comparison of Figs. 5.10, 5.12 and 5.13 shows that 
the drift-flux model is superior to the homogeneous model. 
Either form of the drift-flux models can adequately treat 
counter-current flows but the slug drift-flux model gives a 
better correlation than the bubble drift-flux model. Com­
putationally the slug drift-flux model is simpler since a.m
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is expressed explicitly in terms of the flow rates. Based 
on these results the slug di;ift-flux model was used to 
calculate the air fraction in the porous medium pores for 
different air-water flows.
In order to show the effect of air on the hydraulic 
conductivity, the relative conductivity defined by
Kq - CAHg/Az) (5.44)
was plotted against ct^  as shown in Fig. 5.14. The values
of AH_ and a were determined from the observed Q , Q and 
1. in a w
Ah^  using the slug drift-flux model, i.e.,Eqs. 5.41 to 5.43.
The subscript 'o ' in Eq, 5.44 refers to zero air flow.
Using the experimental results shown in Fig. 5.14,
an empirical equation was developed to estimate the hydraulic
conductivity, K, for air-water flow in coarse granular media
K - K (1 - a )^  (5.45)o m
in which = hydraulic conductivity at the same water flow 
with no air.
5.5 Analysis of the Accelerated Flow Data
5.5.1 Resistance Equations for Unsteady Flow 
The force required to accelerate a fluid past a fixed 
object, consists of four components, namely: the unsteady 
hydrodynamic drag (55), the force required to accelerate 
the actual fluid mass, the force required to establish the 
potential field (virtual mass or inertia force) and the force 
required to establish the viscous field, i.e.. Basset force 
C61.
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Since a complete theory for flow with separation is 
not available, the net resistance (applied force) on an 
unsteady flow past a fixed obstruction is arbitrarily con­
sidered in three primary parts as follows:
F t  = C d  A  p  ^  +  P V f  ~  + c^ p Vg (5.46)
in which = drag coefficient; A = area of obstruction nor­
mal to the flow; v = instantaneous representative velocity; .
V = volume of fluid being accelerated; c^ = inertia coefficient;
and V = volume of the obstruction, s
In porous media, the following semi-theoretical repre­
sentation of one dimensional unsteady flow (77), has been 
derived from the steady flow Forchheimer equation by adding 
the last two terms of Eq. 5.46, i.e.,
i = (a + b|q|)q + |a (5.47)
in which i = slope of hydraulic grade line; a + blql = steady
resistance at velocityq; q = Darcy velocity; and c = 
acceleration coefficient = ^ c^.
5.5.2 Analysis of Slow Acceleration Data
Assuming or a and b are the same for the unsteady 
flow as for the steady flow, the coefficient c^ or c in Eq. 
5.47 can be determined. Fig. 5.15 shows the variation of the 
inertia coefficient, c^, with the instantaneous Reynolds 
number, R^, for the different porous media used in the slow 
acceleration tests. The value of R^ is based on the hydraulic 
radius, i.e..
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^  ^5.48)
A paired T-test (33), summarized in Table 5.5 was 
carried out to check the significance of the experimental 
results. Only 7.92 cm river gravel yielded statistically 
significant results for the slow acceleration test.
5.5.3 Analysis of Fast Acceleration Data
Fig. 5.16 shows the variation of the inertia co­
efficient, c ^ , with the instantaneous Reynolds number for 
the different porous media used in the fast acceleration 
tests. Statistically significant results, as shown in Table
5.6, were obtained for the 4.36 cm rock but not for the 1.67
cm and 1.59 cm materials.
5.5.4 Effect of Acceleration on the Hydraulic 
Resistance
It can be concluded from Eq. 5.44 that for the unsteady 
flow, an additional force is required to establish the poten­
tial field. This would lead to the conclusion that unsteady 
flow resistance should be higher than the corresponding 
steady flow resistance. Also the difference between steady 
and unsteady flow resistances is proportional to the accelera­
tion head. These conclusions were confirmed experimentally 
as shown in Fig. 5.17.
5.6 Analysis of Wave Motion Data
5.6.1 Outcrop Point Movement
The experimental results indicate that the outcrop 
point movement can be fitted by a compound sine wave, i.e., 
portions of two sine waves of different amplitudes and periods
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as shown in Fig. 4.7. Similar results were reported by 
Nasser and McCorquodale (621, where they found that the ratio 
of the crest amplitude, , to the trough amplitude, 
may be assumed to vary as the inverse of T^/T^ (see Fig. 4.7) .
5.6.2 Piezometric Head Variation Along the Sloping 
Interface
Rockfill structures, e.g., earth dams, seawalls, or 
breakwaters, are typically sloped at 2.5 horizontal to 1 
vertical or less which may induce breaking in the incident 
wave. The results of Chan (10) may be used to estimate the 
pressure distribution under non-breaking waves.
The experiments (section 4.2.3) of this study were 
undertaken in order to avoid the difficulties experienced by 
previous researchers who investigated the problem of wave 
breaking (74).
The experimental results as shown in Fig. 4.7 may be 
approximated by a compound sine wave. In order to generalize 
the experimental results, a dimensionless tabulation of the 
instantaneous piezometric head variation, along the interface 
is given in Table 5.7.
5.6.3 Air Entrainment Under Wave Action
A dimensionless plot of the experimental results (sec­
tion 4.4.4; Table 4.15) is given in Fig. 5.18. The experi­
mental observations show that the region influenced by air 
entrainment increases as the slope becomes flatter. Also, 
it is greater when the up-rush velocity exceeds the internal 
flow velocity
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An approximate procedure to estimate tbe air fraction 
is given in Appendix C. The approximate value of the air 
fraction, a^, can be used to estimate the hydraulic conduc­
tivity in the region influenced by the entrained air (Fig. 
5.141.
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CHAPTER VI 
EVALUATION OF THE NUMERICAL MODEL
6.1 Introduction
The various aspects of the numerical model and the 
details of the numerical solution are presented in this chap­
ter.
The discretization of the finite difference and the 
finite element grids are considered. Some considerations of 
convergence and stability are presented.
The numerical model results are compared with the 
corresponding experimental values of previous studies carried 
out at the University of Windsor (61) .
Finally, the sources of experimental errors and the 
limitations of the model are discussed.
6.2 The Numerical Model
The numerical model is developed for a sloping embank­
ment with an impervious core. In this chapter, the discussion 
of the numerical model is limited to homogeneous embankments. 
The modifications required, to generalize the numerical model 
in order to treat layered embankments are presented in the 
next chapter.
6.2.1 The Interface Boundary Conditions
The interface boundary conditions, the outcrop point 
movement, and the piezometric head distribution, were obtained 
experimentally as discussed in chapters IV and V. Alternately, 
the analytical procedure used by Nasser could be used (61) .
75
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6.2.2 The Input Data
The input data required for the numerical model are: 
the interface boundary conditions, medium properties (a, b, 
and m ) , space interval of the finite difference nodal points 
covering the width of the section, initial grid of the finite 
element solution (assuming horizontal water surface at the 
mean water level), and wave and sea characteristics: ,
T^, T^/ and (Fig. 4.7).
6.2.3 The Discretization of the Solution Domain 
The Finite Difference Discretization
The explicit version of the finite difference method, 
described in Chapter III, was used to solve the governing 
equations for the internal water surface and the horizontal 
pore velocity at this surface.
The initial number of the nodal points covered the 
width of the section at the mean water level. The final 
number of nodes was determined, at anytime, in such a way 
that the space increment adjacent to the interface was at least 
equal to the regular space increment AX. On the other hand, 
it was limited to a maximum of 2AX. These limitations were 
introduced in order to satisfy stability and convergence 
requirements.
The characteristic directions, Eqs. 3.15 and 3.16,'are 
used to compute the maximum time interval At. An initial 
value was estimated based on the initial conditions, c^ = 1.0 
and c^ = 1.0, i.e.
^ 2 (maximum c) (6.1)
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Preliminary runs of the computer programme, indicated 
that A t should be reduced in order to achieve convergence 
of the solution.
The Finite Element Discretization
Although a computerized finite element discretization 
is possible, the manual procedure is useful for a non- 
homogeneous and irregular medium.
The total number of elements is a question of economics 
and accuracy. It also depends on the nature of the problem 
and the required output. It is a good practice to have a 
smaller element area in zones which may experience a large 
change in the unknown function.
In two dimensional flow problems, the elements are 
usually triangular in shape; although in structural problems 
other shapes, such as rectangles, have been used (101). A 
triangular element is the simplest shape. In this study 
the triangular shape has been chosen in order to minimize 
the computation time because, the basic grid is not stationary 
and recomputation of the element stiffness matrices is required 
whenever the finite element solution is called to update the 
method of characteristics procedure. Triangular elements, 
also simplify the numerical formulation (interpretation) of 
the variational functional x.
The approximation of the curved phreatic line by a 
segmented line will not cause a singularity because of the 
approximate nature of the solution (11).
The numbering scheme is only significant for the unknown
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nodes. They should be numbered so that the band width is 
minimum. The discretization of a simple homogeneous seawall 
is given in Fig. 6.1.
6.2.4 Stability and Convergence Requirements 
The discretization of the x-t plane for the application 
of the explicit finite difference scheme, considered in 
Chapter III, is controlled by the characteristic directions 
(Figs. 3.2 and 6.1). This normally ensures that the explicit 
finite different scheme will be convergent and stable (78) .
It is convergent because the finite difference solution lies
within the region of dependence of the governing differential 
equations. The approximate stability criterion, Eq. 6.1, has 
been found to produce stability. Convergence was improved 
by reducing the time increment. It is believed that this 
reduction was related to instability introduced by including 
the pressure distribution correction factor and inertia co­
efficient in the formulation of the model (Eq. 3.15). Nasser
(61) related the instability in the numerical solution of a
similar set of governing equation to the effect of boundary 
conditions. Proofs of the convergence and stability for the 
explicit finite difference scheme guided by characteristic 
•directions (78) do not involve the type of boundary conditions 
^sed in this study.
Preliminary runs of the computer programme indicated 
that the pressure distribution correction factor at the core 
can be assumed unity.
In the finite element solution, the convergence of
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the numerical solutions, as the element size becomes very 
small, is ensured by the choice of the simple polynominal,
i.e. ,
+ a^y (A. 2)
to specify the variation of the piezometric head within each 
element. This choice satisfies the requirement that <P and all 
its Cn - 1) derivatives must be continuous and finite on the ^ 
element boundaries (17, 51, 101).
6.2.5 The Numerical Solution
The following discussion of the numerical solution is 
written in the same order as shown in the combined flow chart 
(Fig. 3.9)
An iterative point-method (78) was used to accelerate 
the convergent of the numerical solution of the explicit 
finite difference scheme. This iteration procedure was utili­
zed to adjust the nonlinear friction term, F , as well as the 
velocities and celerities by averaging these values between 
two successive time advancements. The process was terminated 
after 5 iterations. This was found, experimentally, to bring 
the difference between any two successive values to about 
0.001 Cl to 5%).
In order to improve the one dimensional model, i.e., 
the finite difference-method of characteristics model, the 
nonlinear friction term, F, was estimated using Eq. 3.7.
This estimation included the vertical component of the pore 
velocity.
At the end of each time increment, the celerity at all
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•ihe grid nodes were transformed to water levels by means of 
Zq. 3.20 in the form ^
(rt + h^) = c^/g C6.2)
Then, the latest values of the velocity and celerity were 
used as starting values to advance the solution for another 
•time increment.
After using the one dimensional model CFD-MOC) for 
the first cycle, the finite element solution was called every 
T/16. However, the number of times the finite element solu­
tion should be called depends on the nature of the problem.
Zn order to start the numerical solution, the initial finite 
5.1ement grid has to be adjusted to match the new phreatic 
line. The interface boundary condition, i.e., the piezometric 
heads a t .the nodal points on the face of the embankment were 
obtained from the dimensionless piezometric head variations 
in Table 5.7. Figure 6.2 shows a. typical interface boundary 
for the type of problem considered in Fig. 6.1.
A few initial runs of the programme were made to find 
the optimum value of the over-relaxation factor, w . Figure
5.3 shows that a w of 1.3 yields the minimum number of 
iterations to carry out the numerical solution for a duration 
or T. A  tolerance, a, of 0.01 cm was used (Fig. 3.9).
The finite element solution was terminated by comparing 
the computed and the assumed piezometric heads at different 
hodal points. The maximum permissible difference. A, was set 
s.t 0.01 cm.
The computed piezometric head distribution was used to
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estimate the pressure distribution correction factor as dis­
cussed in Chapter III. The hydraulic conductivity was 
estimated as an average weighted hydraulic conducitivity at 
different surface nodes of the finite element grid. A first 
order interpolation scheme was employed to determine the 
pressure distribution correction factors and the hydraulic 
conductivities at the finite difference nodes.
In order to improve the reliability of the combined
model (FE-MOC) , the two dimensional values of the hydraulic
conductivity and the pressure distribution correction were 
stored during the second cycle and averaged with the third 
cycle values. This arrangement gave the central values of 
the hydraulic conductivity and the pressure correction at 
different grid points in the x-t plane within a time interval 
of T/16. The instantaneous values of the conductivity and 
the pressure correction were obtained by averaging the central 
values with the trend Leurrent) values of the one dimensional 
model.
6.3 Verification
The verification of the proposed numerical model for
sloping embankments was achieved by utilizing ten representa­
tive cases of the experimental results of Nasser C61). The 
comparisons between the experimental and numerical phreatic 
lines are shown in Figs. 6.4 to 6.13.
The numerical phreatic lines were taken from the model 
based on the results of the third wave period. This complied 
with the experimental results of Nasser (61), which had been
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taken after the standing wave envelope had stabilized.
Figures 6.4 to 6.13 indicate a good agreement between 
the numerical and experimental results. Figures 6.4 to 6.13 
show the experimental results of Nasser (61) and the numerical 
results as were obtained from the one dimensional and two 
dimensional models. Some cases show the improvement of the 
numerical solution due to the introduction of the air effect 
(see section 6.6).
The generalization of the proposed numerical model is 
presented in the next chapter,
6.4 Experimental Errors
The experimental errors are treated in three groups :
a. those associated with the air-water tests;
b. those associated with the accelerated flow tests; 
and
c. those associated with the wave motion tests.
■ Errors in the Air-Water Tests
1. The errors in estimating the insitu porosities 
result from measuring the water weight needed to 
fill the sample voids. The weight was read 
within an accuracy of ±0.1 lbs. Errors in esti­
mating the sample volume may result from measuring 
the tube [container) dimensions. These dimensions 
were read within an accuracy of ±0.05 in.
2. The errors in estimating the rate of .air flow 
result from neglecting the temperature correction 
and readings of the rotameter at the time of
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acquisition. The information supplied by the 
manufacturer overlooked the temperature correction. 
Errors in reading the rotameter position would 
result in an error of ±3.33 cc/s.
3. The errors in estimating the rate of water flow 
result from the alignment of the laser anemometer 
and readings of the output voltage. This error , 
was estimated to be ±2%.
4. The errors in reading pressure manometers. The 
accuracy of reading the individual manometers was 
within ±0.1 cm.
Errors in the Accelerated Flow Tests
1. Errors in estimating the insitu porosities.
2. Errors in estimating the steady flow rates, ±2%.
3. Errors in reading pressure manometers for steady
flow tests; accuracy ±0.1 cm.
4. Errors in estimating the unsteady flow rates 
would result from calibration errors and reading 
of the recording chart; the calibration error 
was estimated by ±2%. The accuracy of reading 
the reading chart was within ±0.05 in.
5. Errors in estimating the unsteady piezometric
head drop result from calibration errors and
reading of the recording chart. The calibration 
error was estimated by ±2%. The accuracy of 
reading the recording chart was within ±0.05 in.
6. Errors in estimating the time shift between the
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pens of the recording unit; it was noticed that 
the time shift at a high chart speed is relatively 
shorter than the original shift. This would result 
in an error in the range of ±0.01 s at a chart 
speed of 1,0 in./s.
Errors in the Wave Motion Tests
1. The errors associated with the determination of 
the insitu porosities.
2. The errors associated with the manual readings of 
the unsteady water elevations cause errors in 
estimating the incident and reflected wave heights 
as well as the area influenced by the entrained 
air. These errors were in the range of ±1 cm in 
the external region and ±0.5 cm in the internal 
region of the embankment.
3. Errors in measuring the instantaneous piezometric 
head along the interface were estimated as ±2% 
for the calibration errors and ±0.05 in reading 
the recording chart.
4. The errors in studying the outcrop point movement 
result from neglecting the refraction of light 
through the plexiglass viewing window (.50) and 
errors in reading the outcrop point level from 
the movie. This error was estimated by ±0.5 cm.
5. Errors in measuring the wave period were minimized 
by calculating the average wave period for 20 
successive waves.
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The experimental errors would cause direct errors in 
the estimated values of the friction coefficients, a and b; 
the air fraction, ct; and the inertia coefficient, c^. Other 
errors which are not listed in this section may include scale 
effects; irregularities of the free surface ; and reading the 
time from the movie (51L.
6.5 Limitations of the Numerical Model
The numerical model is subject to the following errors 
or limitations :
a. errors of idealization ;
b. discretization errors ;
c . limitations of the governing equations; and
d. computation errors.
Idealization Errors
In developing the numerical model it was assumed that 
the physical characteristics of the different layers were 
homogeneous, and isotropic. The flow was assumed to be two 
dimensional. These assumptions are only true in a statistical 
sense. Furthermore, the input data for the model were taken 
from the experimental values which were subjected to the errors 
discussed above.
Discretization Errors
Discretization errors would result from the discreti­
zations of the x-t and x-y planes. The finite difference mesh 
Cx-t plane) was varied by assigning different values to the 
space increment. Ax; and calculating At according to the 
approximate convergence and stability rule (Eq. 6,1). It was
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found that the use of a reduced value of At improved the 
agreement of the numerical and the experimental results. 
Figures 6.14 and 6.15 show the effect of time and space 
increments on the predictive accuracy of the numerical solu­
tion.
A discussion of the x-t plane is presented in the 
next chapter. The procedures of McCorquodale [511 were 
utilized in treating the x-y plane.
Limitations of the Governing Equations
The finite element,solution assumed a momentary equili­
brium of the internal flow, i.e., steady flow. This neglects 
the inertial term, [51). However, the results of
McCorquodale [51) showed that this term was of a secondary 
importance. It was assumed that the method of characteristics 
solution describes the inertia term sufficiently.
The pressure distribution correction factor was only 
considered .for the first six surface nodes of the finite 
element grid. It was found that this correction, on the 
average, approaches unity [1.0) for the core node.
Computation Errors
Single precision accuracy was used in performing the 
computations with the associated truncation and round-off 
errors.
A summary of the input errors is given in Table 6.1.
The significance of the discrepancy between the experimental 
and numerical results is presented in Table 6.2.
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6.6 Comments on the Prediction Accuracy of the Model
In general/ the prediction accuracy of the model, as 
illustrated in Figs. 6,4 to 6,13 is good. However, the 
following comments are presented in order to explain the dis­
agreement observed in some of the test cases :
The assumed boundary conditions, i.e,, the outcrop 
point movement and the piezometric head along the interface 
have been developed based on relatively short wave period 
cases. It is believed, that these boundary conditions need 
some modifications to be applied for long wave period cases.
- Neglecting the inertia term in Eq. 3,17 would result 
in an error in the order of y the grain size (51). However, 
the inertia effect was introduced approximately in the finite 
element solution by examining the variation of the acceleration 
at the interface. A correction of 5 to 10% was introduced.
The effect of this correction was inconsistent.
- The high flow resistance in the unsaturated flow 
region at the interface : in order to examine this effect.
Fig. 5.18 and the procedure in Appendix ' C  were used to 
correct the hydraulic conductivity in the combined model,
i.e., the central and instantaneous values. Figures 6.4 and
6.8 show the results of this correction.
- The two dimensional solution (FEM) was called 16
times. Investigation of this point showed substantial 
improvement when the number of calls increased from 8 to 16; 
however, the improvement was not that good when this number
was increased to 32. Therefore, it was decided to call the
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finite element solution only 16 times.
In order to examine the predictive accuracy of the 
numerical model, a statistical analysis [Table 6.3) was 
carried out utilizing the experimental phreatic coordinates 
and the corresponding numerical values. This analysis did 
not show any significant difference between the experimental 
and the numerical values.
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CHAPTER VIT
DISCUSSION, MODIFICATIONS, AND APPLICATIONS
7.1 Introduction
In this chapter, a discussion of the experimental re­
sults and the stability and convergence of the numerical model 
is presented. Modifications are proposed to generalize the 
numerical model in order to treat layered porous structures. 
Practical applications of the numerical model are discussed.
7.2 Discussion of the Experimental Studies
7.2.1 Steady Flow Results and the General Friction 
Equations
The granular coarse media used in the experimental 
studies of this research had been used by previous researchers 
at the University of Windsor [51, 61, 64). However, the 
permeameters used in the previous studies were relatively 
large compared to the permeameters of the current research.
In this way, the permeameter-particle ratio range was extended.
Figures 5.8 and 5.9 indicate considerable scatter in 
the experimental data. Some of the observed scatter results 
from errors in measuring the properties of the media and the 
grains. The experimental data of the University of Windsor 
is subjected to a possible measuring error in the mean of the 
porosity of about ±2.5% [511. The use of the sieve size in 
place of the actual equivalent sphere size can lead to errors 
as high as 20%, for angular material, as indicated in Fig.
5.1. However, on the average, the sieve size gives a satis­
factory approximation to the actual size. Figure 5.2 shows
89
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some typical measurements for the shape factor, a, for various
grain sizes of crushed rock and river gravel. Although the
general formula of the effective hydraulic radius, Eq. 5.3,
considers the wall effect, some of the observed scatter shown
in Figs. 5.8 and 5.9 is due to this effect.
All the correlations presented in section 5.3.5, Eqs.
5.10 to 5.21, are significant at less than the 1% level for a
null hypothesis. Either Eq. 5.18 or 5.21 could be used to 
✓
represent the hydraulic behaviour of gravels for pore Reynolds 
numbers in the range of 0.1 to 20,000. For pore Reynolds 
numbers less than 50 0, where the surface roughness effect is 
not important, similar predictive accuracy can be expected 
from Eqs. 5.10 and 5.13; the Ward-Ahmed and Sunada correla­
tions illustrated in Fig. 5.6 could also be used in this 
range. For the high Reynolds number, i.e.,R>500, skin friction 
should be considered, and either Eq. 5.17 or 5.20 could be 
used to predict hydraulic behaviour. The Darcy friction 
factors, f and f^, should be obtained from a hydraulic radius 
based Moody-diagram.
7.2.2 Air-Water Results and the Hydraulic Conductivity 
The analysis of the air-water experimental results 
showed that the two-phase flow principles are applicable for 
unsaturated flow in a coarse granular media.
The comparison of the three two-phase flow models 
indicated the superiority of the drift-flux slug flow model.
It can be used to predict the decrease in the hydraulic con­
ductivity due to the entrained air water wave action (Appendix
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C) .
The sharp decrease in the hydraulic conductivity for 
counter-current tests. Fig. 5.14, is due to the blockage of 
pores by slugs of air.
Equation 5.4.3 was developed to predict the average 
hydraulic conductivity for co-current and counter-current 
flows. Since both of these types of flow have been observed 
in some cases of wave action on a rubble-mound breakwater, E*q. 
5.43 is incorporated in the numerical model to adjust the 
hydraulic conductivity of the finite elements in the region 
influenced by the entrained air.
The scatter observed in Figs. 5.10, 5.12, 5.13 and 5.14 
results from errors in measuring the porosities ; the slight 
variation of the porosity during the tests; neglecting the 
temperature correction in calculating the air flow; and the 
low permeameter-particle ratio which would cause a definite 
wall effect.
7.2.3 Accelerated Flow and the Inertia Coefficient
The experimental results, i.e.. Figs. 5.15 and 5.16, 
showed a very large scatter in the inertia coefficient values. 
This scatter is characteristic of virtual mass studies (28,
94, 95). The following is a discussion of some possible 
reasons for this scatter;
1. The time period of each test was very short, which 
makes accurate measurement of the virtual mass 
effect very difficult. The acceleration effect 
was found to be restricted to the first 0,25 sec
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for the 4.36 cm. rock and 0.15 sec for the smaller 
rock. Similar results have been confirmed theore­
tically for suddenly accelerated flows C51J.
2. The viscous boundary layer may not be fully 
developed during the acceleration period and thus 
there could be a possible delay in the establish­
ment of the flow regime corresponding to the steady 
Reynolds number. Similarily, the onset of tur­
bulence may be delayed. As a result, the steady 
flow drag coefficient may not be applicable to the 
unsteady flow. This assumption was also questioned 
in a similar virtual mass study C75).
3. Possible distortion of the porous matrix will have 
two effects, i.e., it reduces the effect of 
acceleration by using some of the applied force
to accelerate the grains (70) and it increases 
. the drag by decreasing the porosity.
Figure 5.17 shows that the flow resistance approaches 
the steady flow resistance as the acceleration head decreases. 
It also shows that the instantaneous resistance at the acce­
leration period can be as much as six times the steady flow 
resistance.
The statistical analysis. Tables 5.5 and 5.6, yielded 
evidence to the existence of a virtual mass effect in porous 
media. The value c^=2, was obtained for 4.4 cm rock; however, 
the scatter in experimental results was too great to establish 
a significant c^ value for the smaller materials used in this
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study.
7.2.4 Wave Motion and Entrained Air
The analysis of the unsaturated flow phenomenon in a 
breakwater due to wave action. Pig. 5.18, shows the effects 
of the embankment slope and the relative velocity v^. The 
relative velocity is defined as the ratio of uprush velocity, 
2H^^/T^, to the internal pore velocity (Fig. 5.18). For a 
wave with a relative velocity higher than unity, a region of * 
unsaturated flow was observed. The entrained air induced 
blockage of the pores thereby causing a region of lower 
hydraulic conductivity (see Fig. 5.14).
The extent of the unsaturated flow region behind the 
position of the maximum run-up as shown in Table 4.15, was 
found to be larger for flat slopes than steep slopes.
7.3 Discussion of the Numerical Solution
7.3.1 Convergence and Stability
The descriptive aspects of convergence and stability 
were presented in Chapter VI, sections 6.2.4 and 6.4. It 
was found that the use of the time increment calculated from 
Eq. 6.1, At, would satisfy «the stability requirements.
However, in order to improve the convergence of the numerical 
solution, a reduction of 75% in At was necessary.
It is believed that the use of a small space increment, 
Ax = 10.0 cm, and consequently a small At did not significantly 
iitç>rove the numerical solution compared to Ax = 20.0 cm due 
to the rise of computational errors (see Fig. 6.15).
From the numerical investigation of space and time
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increments, it was concluded that A % = 20.0 cm,CO.20 B^)^and 
At = C ^ t h e o r y w o u l d  be satisfactory.
7.3.2 Advantages of the Proposed Numerical Model
The ultimate advantage of the proposed numerical model 
is its ability to treat sloping-layered embankments. While 
suggestions for required modifications to generalize the 
numerical model are presented in the next section, the follow­
ing are some obvious advantages of the model;
1. The combination of the method of characteristics 
and the finite element method offers an inexpen­
sive and accurate model which considers the inertia 
effect, non-hydrostatic pressure distribution, and 
nonlinear hydraulic conductivity.
2. The use of the point iteration method procedure to 
improve the finite difference solution of the 
governing equations proved to be an efficient 
technique. The hydraulic conductivity obtained 
using this procedure was in good agreement with 
the average weighted values calculated for the 
entire solution domain by the finite element 
method.
7.4 Suggested Generalization of the Numerical Model
Any generalization of the proposed numerical model 
must take into consideration the effect of the entrained air 
on the hydraulic conductivity and the.fact that a porous 
structure, i.e., a rockfill dam or a breakwater, is usually 
constructed from a few layers of different materials. The
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following are some suggested procedures for incorporating 
unsaturated flow and nonhomogeneity effects ;
1. Estimating the entrained air fraction (Fig. 5.18 
and Appendix C ) , the reduction in the hydraulic 
conductivity can be obtained from Fig. 5.14 or 
Eq. 5.43. Then any element in the unsaturated 
region can be given a hydraulic conductivity 
corrected for the air effect.
2. The hydraulic conductivity of any element in the 
finite element grid or node in the finite differ­
ence grid can be estimated by locating the proper 
zone (layer! and then applying the appropriate 
Forchheimer coefficients, a,b, and porosity. The 
values of a and b can be estimated from Eqs. 5.13 
or 5.20.
An example problem is shown in Fig. 7.1. Figures 7.2 
to 7.6 illustrate the reliability of the generalized numerical 
model.
7.5 Applications
The proposed numerical model, as presented, is strictly 
applicable to rockfill dams or shore protection structures 
with impervious cores.
The proposed numerical model is formulated to trace 
the phreatic line profiles with time and determine the 
internal pressure distribution. The experimental results 
of the wave motion study were used as an input boundary 
condition. These results were formulated in dimensionless
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form in order to generalize the numerical model. The input 
data must include run-up, rush-down, incident wave height, 
seawater level, and the geometric and physical properties of 
the embankment.
Some applications of the current research were men­
tioned in Chapter I. A few sample applications are presented 
here ;
1. The numerical model can be used as a sub-programme 
with an external wave model to estimate reflection 
and transmission coefficients for layered break­
waters. However, very few numerical models of wave 
propagation on sloping embankments are found in 
the literature CIO).
2. The knowledge of the internal water level fluctua­
tions leads to a rational estimation of freeboard 
for the impervious core of a rockfill dam.
3. The stability analysis of a rockfill embankment 
under wave attack should be based on accurate 
determination of the pore pressure distribution 
within the embankment for various wave stages.
The results of an example problem are shown in 
Pig. 7.7. The given example shows a homogeneous 
seawall with an impervious core. The geometric 
dimensions of the seawall and wave properties 
are given in Fig. 7.7. The general friction 
equations developed in Chapter V were used to 
estimate the internal flow resistance and a con­
ventional slip circle analysis was utilized to
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calculate the factor of safety,
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CHAPTER VIII 
CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions
From the experimental and theoretical analyses pre­
sented, the following conclusions are made:
1. Some 1200 permeameter tests on crushed rock and
river gravels have been analysed to obtain general* 
predictive equations for their hydraulic behaviour. 
The pore Reynolds numbers for the data considered 
were in the range of 0.001 to 20,000. These data 
were divided into high and low Reynolds number 
groups at R^ = 500.
The following equations are suggested to describe
steady, one-dimensional, flow through crushed
rock and river gravel:
Low Reynolds numbers, k <500 or R <125p w
= 4.6 + 0.79 C5.13)
High Reynolds numbers, R > 500 or R >125p w
70.0 + 0.54 C0.5 + 0.5 C5.20)
^ o
-3 4Kovacs Equation 10 <R^<10
3/4
=  1
(5.18)
2. This research presents a simple formulation for
the two-phase flow in coarse granular media, taking
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
99
into consideration the interaction between the two 
phases and the effect of co-current or counter- 
current air movement on the hydraulic conductivity. 
The best predictive model, for the head drop for 
vertical air-water flow in coarse granular media 
Cl,6 to 4.4 cmi is the slug flow form of the 
drift-flux model.
3. The accelerated flow experiments of this research 
have demonstrated the probable existence of a 
virtual mass phenomenon in coarse granular media.
The added mass effect is of more practical impor­
tance in.porous media with large grains, i.e.,
of the order of 4.4 cm or larger.
4. The results of wave motion experiments (Jigs. 4.6 
and 5.18, and Tables 4.14 and 5.7) give simple and 
fairly accurate definitions for the unsaturated
: flow region and the interface boundary conditions 
[outcrop point movement and piezometric-head dis­
tribution along the slope).
5. The combined finite element-method of characteristics 
model provides an efficient numerical technique for 
simulating unsteady non-Darcy flow in porous media. 
The model requires about 60% less CPU time than a 
complete finite element solution C52).
6. The finite element-method of characteristics model 
offers a useful design technique to study the 
stability of rubble-mound structures under wave
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attack. In addition, the computation of the 
phreatic line enables the designer to check for 
possible overtopping of the impervious core of 
rock and earthfill dams.
7. The one-dimensional solution, i.e., the FD-MOC 
model is a simple model which can be applied to 
homogeneous embankment subjected to short wave 
periods.
8.2 Recommendations for Further Research
The present study gives rise to some topics that war­
rant further reserach. The following are a few potential 
■^extensions;
1. An experimental study of the non-Darcy flow 
regimes, in a two-dimensional medium, can be 
carried out using a laser anemometer and a bi­
réfringent fluid to indicate the growth of 
turbulence and the shear patterns around the 
grains.
2. The Ahmed-Sunada C3) and Ward [90) procedure can 
be extended for higher Reynolds numbers using 
Arbhabhirama and Dinoy modification [5). A 
generalization of the friction equation following 
this suggestion may result in a general Moody- 
type plot to estimate the friction coefficient 
for flow in porous media.
3. A few interesting studies can be carried out 
using the proposed two-phase flow models, e.g..
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infiltration and aeriation systems.
4. More experiments are required to study velocity 
and acceleration variations under actual wave 
conditions along sloping embankments with large 
grains, e.g., those of the order of 40 mm or 
greater. This will yield a better estimation 
of the inertia coefficient for unsteady flow in 
coarse porous media.
5. An extension of the wave motion study is recom­
mended. This should include different wave 
conditions and embankment geometries. A set of 
empirical formulae should be developed to describe 
the outcrop point movement and the piezometric 
head variation along the sloping interface.
6. An improved treatment of the unsaturated flow 
phenomenon is possible. An experimental study 
of wave-embankment interaction, in a two- 
dimensional flume, can be carried out using a 
gamma ray apparatus to measure insitu water 
contents. Entrained air' may also occur due to 
internal wave breaking. Investigation of this 
phenomenon may improve the validity of the 
FE-MOC model in treating long wave periods.
7. A modification of the numerical model for a 
continuous breakwater is a useful and practical 
extention which should be considered.
8. The stability calculations of the embankment can
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be programmed so the factor of safety can be 
obtained directly as an output. Also, the 
internal velocity distribution may be used to 
investigate the individual unit stability in the 
armour laver.
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APPENDIX A 
THE FINITE ELEMENT FORMULATION
In this appendix, the details of section 3.5.6 is 
presented. The formulation of the finite element methods 
consists of the following steps;
1. The entire flow field, i.e., the solution domain, 
is divided into a number of finite subregions 
called finite elements. The geometries of these 
elements are defined by a finite number of nodal 
points, i.e., points on a boundary or points 
which may be common to two or more elements. In
)
two-dimensional flow problems these elements are 
usually triangles [11, 17, 29, 52, 53, 63, 101,
102), although in structural problems other shapes, 
such as rectangles, have been used Cl01). In 
this study, triangular elements have been used 
[see Fig. 3.5 and Chapter VI). The free surface 
is approximated by a segmented line.
2. A function is chosen to describe the variation,of 
the piezometric head, <P, within each element.
This function is usually a simple polynomial 
approximation which satisfies the convergence 
criteria ClOl).
The approximated function is expressed in terms of the 
nodal values of the unknown piezometric head, (p, so that the 
overall representation is continuous.
Figure A.1 shows a typical triangular element with
103
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the nodes i, j, and K numbered in a clockwise order.
If the three nodal values of 4> define the function 
within each element, then can be expressed as a matrix of 
a single column, i.e.
^ j , 4)^ ) CA.l)
Assume that the $ values inside the element can be repre­
sented by the x, y coordinates as;
( J ) = a ^ + a ^ x  + C3y CA.2)
in which a^, a^ r and a^ form the three nodal values of 
the nodal coordinates of i, j, and K.
Define the matrix c as
'l
Ic] = (A.3)
and {a} as
{a}® =
a.
a. CA.4)
Also, define the vector [e ] as
[e] = [1, X, y] (A.5)
Now, Eq. A.1 can be written in terms of Eqs. A.2 
through A.5 as
or
{(}>} = Ic] {a}®
{a}® = [c]
CA.6) 
(A. 7)
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and
 ^ = £eJ £a}^ CA.8 )
Eliminate {a}^, by substituting Eg. A. 7 into Eg. A. 8 , one
obtains
CA.9)
= lo*, Oj/ o^J
in which.
= c^ j. + XC2^ + yc^j^ (A. 10).
Differentiate (p with respect to x yields
I , H  “ '^x “ 1=3"^ {<i>)®
But,
c f i i  =  r v  = C“ '  1 '  0 ]
Therefore,
= [Nj,, N y  N^] {4,}® (A. 11)
Also, the differention t4—  (i&) can be written as
V à<p^  9^
«r
« X
Similarily,
iy " *y - tffj 1=]'^ U > ®
But
r|f] = IE j = [0 , 0 , 1]
Therefore,
<Py = fM. , M. , {4.}® CA.13)
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in which
"i = =3i
and
(A.14)
Since the nodal values of 4> defining uniquely and 
continuously the function throughout the solution domain, 
the 'functional' , Eg. 3.19, can be minimized with respect
to these values.
Therefore, for a typical element
| ^ =  KClV^I)//
Bx ' By B(j)^  By dxdy (A.15)
and the overall solution is given as
(A.16)
The numerical formulation of Eg. A.16 is summarized 
as follows :
assume
2a = det
A1 = det
■ “l ' “2' and
Using ■
1 ^i ^i
1 ^i ^i
1
<J>i ^i ^i
= 2 (area of
triangular ijk)
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L2 = det
1
1
1
and
A3 == det 1
1
^i yi
yR
^i ^i
<J>K
Then
On = Ai2A
Ai
2A
and a, = Ai2A
(A.17.a) 
(A.17.b) 
(A.17.C)
b) Substitute the values of Eqs. A.17 into Eq. A.8, and 
arranging, one obtains
t Ca^ + bjX + Cjy)(j)j
+ Ca^ + bj^ + c^y) 4,^ ]
in which
^i = y-i - yR
CA.18)
(A.19.a)
CA.19.b)
CA.19.C)
Equations A.9 and A.18 are identical; then Eqs. A.11 through 
A.14 can be evaluated numerically as
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_ M  _ 1 Ib . , b . , b„J {4>}'*x - T5E - 2Û& --Î/ -j' -K*
4, = _ ^  Ü  =
x4)^ 94’j_ 9x 2A
= If = i x  =j' =K^
and
Also,
4>
y*i
= _L_ M  = fi
3y 2d
I = + * 2
y
(A.20) 
(A.21)
(A.22) 
(A.23)
CA.24)
3KIn order to determine the differentiation / Eqs 
3.17 are used to obtain the resultant velocity v as
V  = CA.25)
or
and
then
K = a + bv 2b
§f V
Vl + (4b/aM |V4) I - 1
V4>
9K
34)^ = -bK
2 3v
= {[|& # )  + # M T  <#)]}
(A.26)
Substitute Eqs. A.20 to A.26 into Eg. A.15; one obtains
I f  - CA.27)
Then, Eq. A.16 is written as
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I f - = E  E  K c|7<(,| 1® s. . {« .}® = a (A.281
3=1 e=l j
in which S . . = Cb.b. + c .c .1/A® and A® is the area of the
x j  X  j  1  J
triangular element. The summations in Eq. A.28 are taken 
overall the elements and all the nodes. Equation A.28 
represents a set of nonlinear simultaneous equations in the 
unknown values of •
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APPENDIX B 
MEASURING INSTRUMENTS
The following is a list of the measuring instruments 
used in this study:
1. Pressure Transducers: Model PB 531 A 
Specifications are found in literature supplied 
by the manufacturer; 'Data Sensor, Inc., 13112 
Crenshaw Boulevard, Gardena, California, U.S.A.'
2. Two Pen Recorder: Model 7100 BR with two plug-in
modules (Model 17501 A1
 ^ Specifications are found in the operation manual
supplied by the manufacturer; 'Hewlett-Packard/ 
Moseley Division, 433 No. Fair Oaks Avenue, 
Pasadena, California, U.S.A.'
3. Air Rotameter: Tube Catalog No: 448-324,
Float Diameter: Float Material : Stainless
Steel
Specifications and calibration chart are found 
in the operation manual supplied by the manu­
facturer; 'Fisher Scientific Company, 184 
Railside Rd., Don Mills, Ontario, Canada.'
4. Laser Doppler Velocimeter Optics : System 900
- Optical Unit: Model 910
- Laser and Base: Model 926
- Receiving Optics: Model 930
- Photomultiplier; Model 960
- Dual Scatter Mount : Model 970
110
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Ill
Specifications and operation procedures are found 
in literature supplied by the manufacturer; 
'Thermo-Systems Inc., 2500 North Cleveland 
Avenue, St. Paul, Minnesota 55113, U.S.A.'
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APPENDIX C 
AIR ENTRAINMENT UNDER WAVE ACTION
An approximate formulation of the entrained air 
problem is presented in this appendix.
Using the experimental results given in Fig. 5.18, 
the following empirical formula is obtained
A^ = 7.46 V°*^ Cl - sin CC.l)
in which 
A _ ^t _ area of the unsaturated flow region r A^ CH^r/2tan 0)
Vj. = relative up-rush velocity 
0 = embankment slope 
Hur = run-up
Assuming a unit thickness of the embankment, air 
volume, V- , which may be entrained under wave action is
%  = B ( C . 2 )
where A = cross-sectional area of the entrained air assuming 
uniform air distribution 
B = average width of the total area A^
A
= CC.3)
^ur
Utilizing the slug drift-flux model the air fraction is
Qa
Which can be rewritten in terms of Eqs. C.2 and C. 3 as
%  =  — — ^ -----:r—  t c . 4 )
ClAt + c ^b y ;
112
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APPENDIX D 
FIGURES
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
114
E N T R A IN E D
ARMOUR
LAYER
IM P E R VIO U S  
CORE
y///;//'/'/'/'/';
Flq. I.I Wave Interaction With a Porous 
Structure.
log!
log V
Non-Linear Turbuleni 
Lominor Transitional
Linear-
Laminar Turbulent
Non
lorcl Non - DarcyDarcy
Fig. 2.1 Flow Regimes In Porous Media.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
115
ntrainment
~T77777777777777777777?77777^
— -**■** Sst^ sinod PhsnornQnon#
Î» yat
Ciagraa for Unsteady Tree
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
116
Phreotic Line
M.W.L.
Pore Velocity«U /m
Porous St
Porosity « m
'"'^ 7^7777/777777777777777777777777777777777777777777777777/777777777'
rig. 3.1.4 Che Problem in General.
Hydrostatic Pressure
TT/TTTT/TTyTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTP/TT/TTTT/T?
rig. 3.1.b Typical Internal Flow Clement.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
117
i j i - UM J
AXi  ^ AX,_^
Fig. 3.2 Discretization of the x-t Plane.
Equal Variable
Space Divisions Space Divisions 
N(AX) , N'(ax)f AX;. AX,)AX,
Max. Run-Up 
Max. Rush- Down^C< y . f,(t)
N(AX) CO 2
y///////////
SY
rig. 3.3 Definition of the Programmed Problem.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
118
Mox. R u n *  Up
M.W.L.
Mojc. Rush - Down
^ ////////'//////////////^////////y/////////////^/////////y///
Impermeoble Boundory 9Ü) _
5Y "
raç. 3.< TypiRi.1 Finite tlement oiectetiration.
Air
Concentration
Head
Los
Inter­
changeable
Water
Flow
Control
Volve
Air
FlowDittuser
Laser _____
Anemometer Air Supply
i
Pump Orifice Plate
r ig .  <•! Un»«turat«i! Flow Set-Up.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
119
U1
— {o^ )—
0 ©
U13oi
oo
2
Zi
I
se
13
I I <bJc
>  X <
WWW 1 11 ^ UIM i l
>  X 
■ ■■■■■inm
oaacJuo
<
3
U
2
0  0
n
©  0
w
zo
i«
#
i i
■
UJ
z2
zwUwCz 
X ■
5e
at
SEEEW
©  ©
o
A\
k
k
H
Eh
W
<D
C•H
+)
3
O
3tn
*w
0
4-1
rtj
5
1fH
k
ir>
cn
Cn•H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
120
ENTER
C  2IE-ME
B(IR)
D(IRj
ETC.
DO LOOP 4 
LIST
CALCULATE AREA
INITIALIZE SA 
ASSIGN NIUN22 
CALCULATE
CALCULATE
GRADX
6RAOY
V^OCITY 
CON , CX
@
END LOOP 5
END LOOP 4
c a l c u l a t e ACON
DO LOOP 5 
I, NSC
ASSIGN NI.N2 
CALCULATE ACON 
ADJUST SA
< RETURN^
Fig. 3.6 Plow Chart of Subroutine CONLR.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
121
(a) '
*..
X z
Xu
zc
S
o’
Swco
<
0)c•ij
4->
3
OU
•§
cn
«w
o
4J
U
(Üx:
çj
gr4
k
m
en
•H
b
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
122
INITIAUZ: inn • I BIT • \jO -o 30(1N) • w/A(W.U^)
iTtn • iTtn * I
QELTA • OX)
IN • I
iN,m -c. 1% • EC -
C( • 90(TN)«eX ♦3lT*nHlClNJ
-  on -  oelta
(IN, IT) -O
IN « IN ♦ I
Fig. 3.8 Flow Chart of Subroutine SOLVE,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
123
CUXULATT MAXIWOM 3AACY VCUCCîTY : V) I
COWSTWJCT Tht INITIAL fINITg OIFF%f*ENC%
CNIO fOm THC OIVCN OX.____CALOJLATS or " OXAS-ZgChMl
rniTC ILIMCHT 2ATA :
CLtMCNTS. MOOCS.C30ROINAT73.1UNFACX N0C«3 RCCUIRCO CALCULAT? »OÇF , SLÛPINa 3QUN0AAT CSNOmON.ANO CL1MCNT3 UNO NOOCS NUMflCRS RCQURCO TQ CALCULAT? CCN
INITIAL CONOmON ,T • 013, TT « aO «••0.00 LOOP A ! I.N3 U « C.O , YT • HO . C • vÆTff ANO FOCX « LO . %N0 LOOf 4 » IT • N4
too
r • T ♦ OT. iF<r «-rNi r * T-TF.TT • ♦ OT
UN • aoKC •. 1.0
IN in A U Z E  ; ACS U . iO . l
IrtO NO
CM • c ♦
INITTA4a2?iAl/l AN] ACI
«NTnALiJt* : v L . v i r r  rr ANC Avu XX • XF - OXH
[TfS
rr • CMV« 
AOJurr < ir CALCULAT? : VL
XC3T4
UN •
CALCULAT? ivwT ANO r r
AOUUAT : VNT.rr.AVtJ
-4^ 4aiNiaw
}— é"
13
UN •
Fig. 3.9 Flow Chart of the Numerical Model.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
124
0
0 ©
A0JU3T : VRT. IT. AVI AMO AC
rta
ao TO •
tM O  LO OP «
PW HT «CSU.T3
*0 <
CALOJWnC XTA.XrS.ANO XT1
0
Aoausr X—oscPomArss pop a u .  .voocs I
X •  XO J ............
LOCA-nt rx. AMO p.a summcx  moo«s
IM T C T P O tA r t TO XINO M«W P.JL SUPXACZ .VOOtS
CALCUUn M
I
r • TOxM 
 1--
A33iaw PVH vALueo xcm oipmcnsMT .vooo
IN T tB lv a  OP SVIMPACX M 0 0 X 3
T
PMC •
I
© 0
Fig. 3.9 Continued.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
125
CALL CONLil
CALCULArt 0PM* # PHI • PHIQ
HO
CALL
XT • *P * OX
xjr • xr^ox
AOJUff i##AT NUMtCPSa^l
OLTA
CALL S'nww
PMINT PC3ULT3
CALL 4CLVC
NC «NC
CALL A43CM
MH MXP-OXHJ/OX
A04UTT AAMAt MUUVKM
PCPLACC CLfl VALUXB
S:S! ^  ?§£'
rrOP« 3M0 C7CLX VALUCS QP PQC CCMQ
AWHAac* aho AMO )*o cyclx valuxs cm
POC AMO COHO
IMTtmPCLATf TO PINO AOCP AND COM
CSS)
Fig. 3,9 Continued.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
126
Inflow
HeodMonomelort
Adjustable 
Support__
Laser
Ane momet e r
PTI  Scree ns__
Pressure 
 Transducers
Base
Out f I ow
rig. 4.2.* Steady Flow Set-Up for the Virtual 
Mass Study.
Compresse d Air
Release ( A.R.)
Heod 
Tank (I)
Monomet erManometer.
Loser
Anemometer —  
_ is.24ris.^ -tx6to
PTI"  Screens___
Pressure 
 Tronsducersk rc.xocFTi
Adjustoble
Supports Bose
rig. 4.2.b Unsteady n o w  Set-Up for the Virtual 
H a s t  Study.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
127
m
Wave Generator
Impervious Core
91/1 cm
iRockfiil
1.5 m
4.3 Wave riumo Set-Up.
Variable Speed Flywheel
Motor
Chain
4.4 Wave Generator.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
128
To
Pressure Transducer No.2 To
Pressure Transducer No
M.V/.L
. 4.3 6 cm 
Crushed Rock
4.5 Measurements of Plezometric-Haad on Sloping 
Embankments.
Elevation
45.0
35.0 Jl.
25.0 _i_ TP » 1.75 sec
M.W.L.
# HI » 2.7 cm
m H2 ■ 11.5 c m
♦ H3 «21.3 cm
4 H4 ■ 28.0 cm
V H5 ■40.0 cm
Pig. 4.6 Plezomatrlc-Head Distribution on Sloping 
Embankments.
Plezometric - Head Results ( H," 35.0cm ; and A>l6.2cm)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
129
§ QCD QCO O QCVJ
8
q
00
O
CD uN
In
?
8
4)
g
in
( UJD) az!S psjnsosH
g
9Vn ••0 c a <9
C Ij
2| (J O
;  
91 9)II
e
9
I
Io
0»
z
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
130
4
4
#
a N. '
#
— U
(U ol . sI I I
4 a •
» N.
■
» 4 Nv
N . •
4
Oeu
d
in
d
o
d
in
§
d
o
5
TJ0)
■o4;ua
in
o
d
8
o O 
o 
d
S.
gs
n
II04 cu
psAjssqo (b/bg )
x: {_
E >
U K
(0 E
V
(O rn
4JN
I/)
■a
4Jl_3VIO<U
2
w
n
co
4iuc
3&4
uouu«&4
« •CL a
ui cn 
c c
4 ^
o u
0»
6,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
131
(U>
2
o
(_
§
O)
s
jx :
u u
o o
K c e
■o T3
SiJZ £
?
u
£ £
u ( j
(O N
n ( 0
"V T—
o
0
(.<u>
£
u
O)
Or>
>
> R
O) n
o — o
d O
* ♦
(O
6
8 b
d dI
ocvj
d
oT
Om
O
CM
10
V.
Ëu
u0
1
1
■3
-au
<0
So<
o
&
Vu
g
:
O'
Clé
(•Ù J0 /-03S ) A / !  33UD^S!S3y 3!|riDJpAH
CM
-m
H >
u
3i
i
3
>
>
U0
1
>
1
g
u
<
0
Oé
§
s
o»
z
( UJ3/'3QS) A / !  a o u o ^ s is a y  o n n o jp /^H
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
132
10^
1Q3
10^
O'
1 10'
«H•oO)
1cP
lÔ*
° Dudgeon • Rose (Cubes)
» Kovqcs ---Ahmed's Equation
- * Lane -------Ward's Equation
• Rose (Coke) o Univ. of Windsor 
a Rose (Spheres) —  General Equation
!
1 J
:
° c0 ^
d P ° 0 0 0 0 ^ .0 9 °0°o'
-a
V o ■ 
° 0 0
' ® o}°
0 c i 0 0
Po ° “oO 
° 0
0
0
10 10 * 10-2 10^ 10 10 
1*4 /f.
1
10 10 10
FiÇi 5.6 Général Raalaeanco Equation» Approach A.
0.4
0.3
-~ï
e
tr
% Q 2
ai
o Crushed Rock (3.8 cm.) 
•  Marbles ( 2.9 cm.)
X
y
;
0/
y #
6 #
10 20 30 40
q (cm. / sec.)
riq. 5.7 Some Oioenaional Resistance Data o(
Dudgeon (21) Indicating the Possibility 
oi TiAo Plow Regimes.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
133
10^
10"
10
I id*
CM
TJoi
10
10^
0 Dudgeon ♦ Rose (Cubes)
» Kovacs(ll) ----- Ahmed's Equation
- *  Lone ----- Ward's Equation
• Rose (Coke) o Univ. of Windsor 
a Rose (Spheres) —  General Equation : ....
°  C
0  o0 a ~
? = 0 0 C ? t= = 3 I , I !
Q 0
a
o;a'° '"f ' dT ag o 'a a".
" - 1 / ° : i  :
cTa - -O'" 
= 0 1 ;
a
a
!
1
10
-4
10^ 10
-2
10
1/2, q dm /if
p 10 
U / U
1
10 10 10
Pig. 5.3 C«ne£al Resistance Equation. Approach 3.
10
e
CM
13
OI
-o'
10'"
10^
a Dudgeon ♦ Rose (Cubes)
T Kovacs ( I I )  —  Ahmed's Equation 
- * Lane Ward's Equation 
• Rose (Coke) o Univ. of Windsor 
■ Rose (Spheres) —  General Equation
X
] 0
O a ° Q a 0 , a  » a »  t
0 o“ “ “o’ a
'Ï* Vo
0 = = a
0 a
..C. 0 => =>
^ 0  a 
0 a 
o a
10 1
!
3
10',-3 10’ 10*’ 10 
q d'/ mi/ 10 10^ 10'J*
Fig. 5.9 General Resistance Equation, Approach C.
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
134
( 33S/OI3 ) iu 3 j j n  O - j s lu n 00X n I J J a 1 0 ^
to r- 0)
to to n
X n IJ - U N O(oas/uo)
c
<3
Ua
3£
i
\ o
y
Ô é XJ
4
 ^ Q
1 «
■ “ 1 
g k " " *
g a
■ 1 
, k = " °
u a
X
<
<
X
O
03
O
CO
o o
CM
s
o
CM
s
I
X<t
CL
§
t
I
a
u
Q
UJa0.
30 a a3n
1
*3
II
II
(m
(UI3)H7 dOiia- OVHH TVlN3VNIü3dX3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
135
<
!j
.•5? &psssON Tf «— T-
2 0Ô
■||
8 8■ 1 =,o 
8 8_1_
[-s . Q
\
O
CO
o
(O
o o
CM
0
CM1
Eu
X
<
g
Q
Q
UJt-
y
Q
y
CL
M
DS«
té
ta
•Il
sa
tt
tl
S3
i
01
tu
(•UJ0)H7 ^dowa 0V 3H  lV iN 3W IW 3dX3
8 a
o oo o o
Ëu
X4
CL
§
S
u
î
i
a
iQ ^i
4 O Ai U
e  o
II
at
ti
II
l4 I 
«9 Ai
Is
O»
CUJ3)H’? doaa 0V3H 1ViN3VNia3dX3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
136
B E E E 'u o u u
C4 to S mm (0 o
u M<J oo O >
o q:a: o
a e
•otfo
jC« 3 3 > ■
5 O o 5
♦ ■ #
••
♦
♦
-e— ■ "Tfs
00
(g
lOI OI
*'^0 iN3IOIdJ30C SSVM IVniülA
pO
CM
ce
es
LU
CD
z
3
z
en
o_i
o
z>-
LU
es
•a
uu
au
3
g
3
fiu
ÎT
>
U U
u u
*V/>I A;iAii3npuo3 SAHDiay
3
y' I
«£
C
o
y
it
§
w
<
< a
ùi
Ul
W
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
137
T30 
(U
1 §i§i!l
p Q in in Q tn^ çj in 04.
"33
■ a 4 4 0 ^
\
" V * —
<
4
4
" C
a
V  
■ •
r
V
«
4
4
° 0
. vj
4
\
«
4 0 
4
0
4 0
0
\
4» #
•
\
in
-? o
d
inn
O
(U1D/03S)
o
en
d
m04
d
O04
d
33U0%s!say
in 
d
3iinojp/^ H
o in
5 g
?
Oen
O04
O
O
d
u44in
V
0
V
O
O
>
§
"3TïD
T3Ow
<3UU
D
u
5 .
Q4J 4J
O en
gn
M g
E E Ëu u u
(0 05- en (D tn
V 4-
■a T3 O 
4} 44 
^ «C
2 2 >
- U U K
■ 4 •
m
■ ■ ■
#■Mm
m
■ %■
« u • _
■
1 .
>
■#
« mi U
in
a
8
IT)
in
in
^  lN 3 ID U d 3 0 0
O
VI1H3NI
in
t
e
W
4
O
«
^ ' 14J
X niQ
Û? Ouu
%4
CE iJcU om u
2
ou
tn 4
b U (A W 4J4} a
9 5 h
> VÛ
ÜJ «4oc in
0»
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
138
I
ü_
u
<D4-»
a
L_
3
4-*
O
tnc
Z)
d)
JC
D
d)
L_
<
d)
>
d)
ce
o
<
I
c_
<
• 1 V : 2.5 h 
" 1v : I.Sh ^ '
 ^ 1V : O.Sh
1
''s slope 
/
/
X I
X
/
o
4-»co
/
/
/
/
/
L_
o
X
/
/
/
/
/
. -
J
t_
■
Vertic
________
■
]1
•
0 1 2  3
Vp = (Hyp /t) / VppQ^
Up - Rush Relative Velocity
Tic. 5.18 Entrained Air Under Wave Acti on.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
139
c»
N
>-
S
X
c
E
R
CO
oto
Q)
C
o
o
N
DUUCi
tn•HLü
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
140
22
1.0
(1*-0 )= M O
t /T PS.
TP 3 Wave Period
Fig. 6.2 interface Boundary Condition.
5 0 0
Total Number 
Iterations for 
One Cycle4 0 0
inco
3 0 0
2
1)
o 2 0 0
L.
0)
n
i 100
z Number of Iterations for One Call _
2.01.6 1.8U2 1.41.0
O ver Relaxation Factor w
Fig. 6.2 Optimal Over-a*taxation Factor.
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Run Number 1
d 3 4.4 cm.
Hp 35.5 cm.
m 3 0.46 Hq 3 36.0 cm H; 3 20.5cm.
T 3 5.2 s u/s slope : 2 h /lv
• Experiment
  Moc Solution
 FE-Moc Solution * Air Effect
 FE-M oc Solution
M.W.L.
7 0 .0
0.0
0.0 164.0
?lg. 6.4 Experimental and Humerlcal Phreatic Line 
ÎOC Verification of the Model.
d » 4.4 cm. 
Hp a 2.0 cm.
Run Number 2
m 3 0.46 Hq 3 38.0 cm. H] = 15.0 cm.
T = 1.6 s u/s slope 3 2h /1v
• Experiment
70.0
—  Moc Solution
—  FE -M oc Solution
M.W.L.
0.0
0.0 164.0
rig. 6.5 Experimental and Numerical Phreatic Line 
for Verification of the Model.
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Run Number 3
d 3 4,4 cm.
Hp = 3.8 cm.
m 3 0 .46  
T = 5.76 s
Hq = 30.0 cm. H; =15.8 cm.
u /s slope = 2 h /1V
Experiment
70.0
Moc Solution
- -  FE -M oc Solution
M. W. L.
0.0
164 00.0
Fig. S.6 Cxpecimantal and Munerxcal Fhreatlc Line 
for Verification of the Model.
d a 1. 7 cm. 
Hp a 7 0  cm.
Run Number 4
a 22,0 cm.m a 0 .42  
T= 5.76 s
o ..............  I
u /s  slope a 2 h / i v
H; a 18.0 cm.
Experiment
70.0
—  Moc Solution
— FE -M oc Solution
M.W.L
0.0
0.0 104.0
rig. 6.7 Experimental and Mumerlcal Phreatic Line 
for Verification of the Model.
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Run Number 5
d = 1.7 cm.
Hp= 3.3 cm.
m = 0.42  
T = 2.63 s
Hq = 30.0 cm. H; = 710 cm.
u /s slope = 2 h /iV
• Experiment
  Moc Solution
 FE-M oc Solution ♦ Air Effect
 FE-M oc Solution
70.0
M.W.L
0.0 164.0
rig. 6.8 Cxpericientai and Mumericai Phrsacic Lins 
for Verification of the Model.
d a 1.7 cm.
Run Number 6 
m = 0 .42
Hp3 2.8 cm. T = 1.32 s
Hq 3 38.0 cm. Hj = 10.8 cm. 
u/s slope = 2 h /lV
• Experiment
70.0
Moc Solution
—  FE -M oc Solution
M W L
 10.0
164.00.0
rig. 5.9 Sxperiaental and Numerical Phreatic Lino 
for Verification of the Model.
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Run Number 7
d = 0.7 cm. m = 0.45 = 30.0 cm. Hj =11.5 cm.
Hp= 5.0 cm. 1 = 2.23 s u /s  slope = 2 h/1 v
• Experiment
Moc Solution
55.0
—  FE -M oc Solution
M.W.L.
0.0
0.0 110.0
Fig. S. 10 ExpeclRiental and Husiarical Ptirsatlc Line 
foe Verification of the Model.
Run Number 8
d = 0.7 cm. 
Hpa 4.5 cm.
m a 0 .45  Hq a 30.0 cm. Hj =12.5 cm.
T a 5.68 s u /s  slopea 2 h/1 v
• Experiment
—  Moc Solution
—  FE -M oc Solution'
•—“’FE-M oc Solution 
M.WL.
* Air Effect
55.0
0.0
0.0
110.0
Pig. S.11 Experimental and Numerical Phreatic Line 
for Verification of the Model.
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Run Number 9
d = 1.6 cm,
Hp= 3.5 cm.
m = 0.35  
T = 1. 3 s
Hq s 38.0 c m . Hi = 12.5 c m .
u /s  slope = 2h/1 V
Experiment
70.0
Moc Solution
- -  FE -M oc Solution
M.W.L.
0.0
0.0 164.0
rig. 6.12 Experlnantal and Numerical Phreatic Line 
Cor VerlCicacion oC the Model.
Run Number 10
d a 1.6 cm. 
H p= 5.0 cm.
m = 0 .35  
T a 5.15 s
Hq a 38 .0  cm. H; =11.5 cm.
u /s slope = 2 h /lv
• Experiment
70.0
—  Moc Solution
— F E -M o c  Solution
M.W.L. _
0.0
164.00.0
rig. 6.12 Experimental and Numerical Phreatic Lina 
Cor Verification of the Model.
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H—  33 cm. — 4-20 cm.-4
Zone
Number
Zone
Number
173.0 cm.
Zone
Number
I
n 1.67 1.92
rig. 7.1 A Two Layer EBiemtanant.
E
V
o
S
Particle Size s Shape Factor Porosity 
(Mg) cm. rn
4.36 1.56 0.46
0.45
dj a 4.36 cm. m^  a 0.46
djj a 1.67 cm. m^ =0.45
Experiment
Run Number 11
Hj =18.0 cm. 
Hp a 3.0 cm.
Hq a 35.6 cm.
T =1.65 s
Moc Solution
61.0FE-Moc Solution
M W L
0.0
0.0 173.0
rig. 7.2 Verifactlon of the General Model.
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Run N um ber 12
= 4.36 cm. m  ^ s 0.46
s 1.67 cm, m^ = 0.4 5
Hj *13.0 cm.
5 3 .0cm .
• Experim ent
Hq s 35.6 cm .
T = 1.82 s.
Moc Solution
61.0F E -M o c  Solution
M.W.L,
0.0
0.0 173.0
Pig. 7.3 Varlfaction o£ the General Model.
Run Number 13 
d j a 4.36 cm. = 0 .46 Hj =16.25 cm.
d a 1.67 era m =0 .45  
IX IX.
• Experim ent
H a 4.25 cm. r
Hq a 35.6 cm.
T a 2.08 s.
 Moc Solution
FE -M o c. Solution 61.0
M.WL.
0.0
173.00.0
Pig. 7.4 Verifactlon of the General Model.
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Run Num ber 14
dj =4.36 cm. m  ^ = 0.46 H; = 9.13 cm. Hçj = 35.6 cm.
d 5 1. 67 cm. m = 0.45  
n  II
= 2.88 cm. T =2.35 s.
• Experim ent
  M oc Solution
61.0- -  F E -M o c  Solution
M.W.L.
  0.0
173.00.0
rig. 7.5 Verifactlon of the General Model.
Run Number 15
d j» 4 .3 6 c m . m  ^ a 0.46 H, = 9 .0  cm. Hq a 35.6 cm.
=1.67 cm. m^ a 0.45 H„ = 3 .0  cm. T =5.37 s.n n r
• ^Experiment
Moc Solution
61.0—  F E -M o c  Solution
M.W.L.
0.0
0.0 173.0
rig. 7.5 Verifactlon of the General Model.
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PHOTOGRAPHS
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Photograph 4 .1 Porous Média Used 
A; 1.59 cm River Gravel; B; 1.67 
cm Crushed Rock; C: 4.3 6 cm Crushed 
Rock; and D: 7.92 cm River Gravel.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ÉÏ * 
/,
Photograph 4.2 Unsat-urated Flow Set-Up.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
"^.'«1 .-f-
Photograph 4.3.a Steady Flow Set-Up.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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*
Photograph 4,3.b. Unsteady Flow Set-Up,
Reproduced wild permission o „d e  copyrigd, owner. Further reproduction prohibhed without
permission.
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APPENDIX F 
TABLES
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T A B L E  4 . 4
AIR-WATER FLOW DATA FOR 1.59 CM POROUS f4EDIA HOMOGENEOUS MODEL
SH A P E  F A C T E P  = 1 . 5Ç
* * * 4
G ( A ) 
C G / S E C
132.AQ4 
132 , AOA
1 3 2 . 4 0 4
13 2 . 4 0 4  
13 2 . 4 0 4
A . FP AC
0.0 
0 . 3 1 4  
0 . 4 0 5  
0. 5A6 
C .657
4 t * * * :
Q( Vt) 
C C / S E C
179.69 1
179.691
179.691
179.691
1 7 9 . 6 9 1
A. FR AC,
0 . n 
0. 278 
0 .445 
0. 52 0 
C . 6 0 9
G ( W) 
C C / S E C
34I. 16 4 
34 1 , 16 4 
2 A I . 1 6 4
34 1.16 4 
34 1 . U  û
a ( A ) 
C C / S 5 C
0 . 0 
6 0 . 6 2 0  
1 2 9 . 9CÛ 
1 8 7 . 6 3 3  
254. 0 26
C .CCND
0.0
0.802
0 . 9 2 A 
0.84-7
1 ♦ C e 9
0(A) 
CC/S EC
0 . 0 
6 9 . 2 6 0  
14 4 . 3 3 3  
1 9 4 . ESC 
2 8 0 . 0C6
D .CCNO
0. 0 
0. 26 9  
0. 529 
0. ■'CS 
0.71 =
0(A)
C C / S E C
0.0 
7 2 . l 67
144 . 32":
202 . 067 
261 . 45 C
A .FRAC
0 . 0 
0.314 
C .495 
0.586 
0 . 6 5 7
C .H .L
-0.000 
- 0 . 6 9 5  
- 0 . 3 5 9
0 . 452
1 .332
A . F R A C
0.0 
0. 278 
0 . 445 
C. 520 
0 .60 9
n . H . L.
-0.000 
-0 .464 
- C . C 7 9  
0 .460 
1.312
A .FRAC
0 . 0 
0.230 
0 . 3 7 4 
0 .456 
0 . 5 3 9
EXP. H.L 
CM
6 . 9 0 0  
5 . 5 0 0  
•7.000
3.900 
9.5 00
T F “ .H.L 
CM
6 . 900 
0 . 578 
4.464 
1 2 . 9 2 6  
2 6 . 9 0 2
CONO.
C M / S E C
30.70 3 
5 5 . 3 4 9
5 9, J 58 
56.712
6 4. 1 52
PN
1 3 .577 
13.5 7-7
1 3 . 5 7 7
1 3 . 5 7 7
13.577
EXP. H.L 
CM
1 4 . 7 5 0  
1 6 . 1 0 0  
17,400 
1 3 . 0 0 0  
2 3 . 0 0 0
2 5 . 2 1 2
2 5 . 2 1 2  
25 .212
2 3 . 2 1 2
2 5 . 2 1 2
EXP . H.L. 
CM
24 .500 
29 .700 
11.000 
3 2 . 0 0 0  
3 7 , dOO
163
T h E  .H .L 
CM
14 .750 
8 . 635 
16.020 
2 6 . 2 7 3  
5 C .860
C O N D  . 
C M / S E C
19.213 
2 4 . 3 8 9  
2 9.36 9 
3 2 . 8 1 6  
3 2 . 9 5 4
T H E  .H.L 
CM
2 4.500  
2 1,171 
2 9.42? 
4 1 .F63 
5 6 . 6 7 5
CO M D  . 
CM/SEC
15,524 
16.638 
19.612 
2 1 . 8 4 5  
2 1 .805
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TABLE 4.4 (CONTINUED) rtUHPPf.i'Jt.uua L ' - m u c . u
A. =R AC . C . CCN'O C .H.L. - M
r» . C 
0 . 2 3 0
C . 37 4 
0 . ^ >5'=' 
0 . =39
C . 0 
0 . C 7 2 
2.263 
0. 4 0 7  
0 . 4 0 5
- :. c 0 0
-0 . 2fc 7
- C . C .3 1 
C . 10 c 
0.738
3 ' . 6
J j . 8 3 7 
.31.: 37 
37.83-7 
3 7 . 8 3 7
C { '* ) 0(A) A .FRAC . EXP. H.L. THE .H.L . C3N3 .
C C / S E C C C / S E C CM CM C M / S E C
2 8 7 . 7 2 2
2 8 3 . 7 2 2
2 8 3 . 7 2 2
2 9 3 . 7 2 2
2 9 3 . 7 2 2
0 . c
6 4 . 9 = 0  
1 4 7 . 2 2 0  
2 1 6 . SCO 
2 7 4 . 2 3 3
0 . 0 
0 . 1 8 6  
C. 342 
0 . 4 3 3  
0. 49 1
3 2 . 7 0 0  
3 4 . 8 0  0
3 3,500
4 4 . 3 0 0  
4 9 . 0 0 0
3 2 . 7 0 0  
30 .864 
4 1 .0 38 
5 7 . 5 4 4  
7 5 . 6 7 6
13. 6 8 4  
15.802 
17.353 
17 . 5 0 8 
17.053
A . FC AC
0 . 0 
C . 1 8 6 
C . 342 
0 . 4 3 3  
0.491
Q ( W ) 
C C / S E C
D .CCND
0 . 0 
C. 1 = 8 
0 . 2 9 0  
0.301 
0.-712
Q ( A ) 
C C / S E C
D .H.L.
-0.00 0 
- 0 . 1 1 5
0 . 067 
C .299 
0. 544
A .FRAC
FNJ
3 3.30 9 
3 3.809 
30 ,60 9 
5 9 . 8 0 9  
3 9. 8 09
E X P . H.L 
CM
T H E . H . L  
CM
s »!
CD MO .
C M /S E C
2 1 2 . 0 9 4 0 . 0 0 . 0 4 5 . 0 0 0 4 5.000 10 . 9 3 3
2 1 2 . 0 9 4 9 3 . 9 1 7 0.231 51 .200 4 7 . 2 5 9 2 2 . 5 0 3
2 1 2 . 0 9 4 153. 767 0 .337 5 4 . 9 0 0 59 .933 1 3.526
2 1 2 . 0 9 4 2 3 5 . 2 6 3 0 . 4 3 0 6 2 . 2 0 0 8 3 . 4 5 6 1 3 . 3 7 9
A . F R A C . D . CCN'D C . H .L . RN
0.0 0 . 0 - 0 . 0 0 0 . 4 3 . 7 3 9
0. 231 0 . 1 4 3 - 0 . 0 7 7 4 3 . 7 8 9
0 . 3 3 7 0. 237 0 . 0 9 2 4 3 . 7 8 9
0.4 20 0. 269 0 . 342 4 3 . 7 8 9
G( W) 
C C / S E C
5 5 9 . 3 9 1  
3 5 9 . 3 8 1  
3 5 C . 3 0 1
0(A) 
CC/S EC
0.0 
6 0 . 6 2 0  
1 4 4 . 3 3 3
A .FRAC
0.0 
0 . 1 4 4  
C . 25 7
A .PR A C . D . C C N D  C.H.L.
0.0 
C. 144
0.0 
0. C = C
■0.000 
•C .05 C
EXP. H.L 
CM
4 7 . 1 0 0  
5 0.500 
5 0. 000
R N
5 0.424 
5 0. 4 2 4
T H E . H . L  
CM
47 . 100 
4 7 . 9 9 2  
5 9 . 7 6 7
CO N D  . 
C M / S E C
12.0 34 
13.117 
13.465
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0 . 0 1 E
* e ^ T *  *  »t w  A  4 <■• Ht *  $ II :t -,t 'î -"î *e »« *  -t -* *■ *  —  t.- ».- i * ■» Je ^ •‘r a: r  < ^  u  s,e
C { ■</ )
1 3 2 . 4C4  
13 2,404. 
13 2 . 404
A . FC AC
0.0 
0 . 353 
0 . 522
'•' ( A ) 
G C / S E C
0 . 0 
7 2 . 1 6 7  
144.377
D . C C N O
0 . 0 
- C . 798 
- C . 965
0 . 0 
C. 353 
0. 5 2 2
C .H .L
■o.coo
0 . 7 7 5
0.361
< ■> . ' 
CM
,L
1 C . C C O  
1 6 . 7 0 0  
3 6 . 0 0 0
FM
1 3 . 5 7 7  
- l a  .57 7, 
- 1 3 . 5 7 7
> “ .H ,L
CV
1 C .000
29 . 637 
3 5 . 3 5 5
c'"/SE :
2 0 . 8 8 2  
5 . o 6 3 
C. 724
165
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Table 4.4 c c o n t i n u e d) b u b b l e d r i f t -f l u x m o d e l
1 . < r r '
= 0 .<■ 1 7 C H A = = . 3 ••
•» -S V * H -l! !> Î> :( 4 * 7 H ^ -f5 -^ ■»
0(A) 0(A) A .F F AC . 7 X P . H.L. TF ; .H .L C3M3.
C C / S E C CC/S FC CM C" C M / S E C
172.404 
17 2.404 
17 2. 404. 
17 2 . 4 0 4  
17 2 . 4 0 4
c. c 
e c , ~ 2 0
13 9. ; C C 
13 7.637 
2 5 4 . C25
C . 0 
0. 1 7 7  
C . 25 2 
: . 57 7 
3.437
6 . F'i'O
3.500 
7 . 0 0 0  
3 . 0 0
9.500
6.50 0 
C . 4 77 
- 1 . 5 4 =  
- 3 . 6 7 5  
- 3 . 4 = 7
3 0. 7 0 -3 
13 . 9 9 0 
9 . A 3 : 
7. A 9 3 
c. 56 5
f i . ~ ~  AC, C .CCNO w . F . L . M N
0. 0
0 . 1 7 7
0. 2 4 2
0 . 7 5 7
0 . ^ 3 7
C . 0 
- 0 . = 4 5  
- C . 6 5 1 
-C .75"^ 
- 0 . 7 9  7
- 0 . 0 0 0  
- 0 . 9 1 3  
-3.221 
- 1 . 2 3 5  
- I . 35 5
1 9 . 5 7 7  
I 7 . =77
1 7 . 5 7 7
1 4 . 5 7 7  
I 9 .5 77
If ■)§ > ■> ■& ÿt V 4 V * 7 •» # '1< 7 * S' »!
be*) 0(A) A . r .9 A C . = X P . H.L. T H E . H . L C )ND .
C C / S 5  C : :/s=c CM CM C M / 3 EC
1 7 Ç .Ç Q 1
1 7 0 , ÇÇ1
1 7 O . 5 1
179.691 
■179 .691
0. c
6 9. 2 8 0  
1 A. « , 3 .7 3 
194. = =C 
23 0 . CCc
C . 0 
0.152  
C .25 9 
C . 546
0 . A 3 a
1 4 . 7 5 0  
1 6 . 1 0 0  
17 . 4 0 0
1 9 . 0 0 0
3 3 . 0 0 0
14 . 7 = 0  
1 0 . 7 2 6  
1 1 . 2 3 =  
12 . 1 7 9  
14.401
19.219  
1 C. 97 9 
2.64 9
7.73 J 
6. 2 5 0
A .Fc A C . C . C C N D L . F . L .
0.0 
0 . 1 3 2  
0. 2«8 
0 . 3 4 8  
0 . 4 3 6
C . 0 
-0 . 4 2  9 
- C . =50 
- C .=97 
- 0 . 7 7 =
-0.00 0 
- 0 . 3 3 4  
- 0 . 3 5 4  
-0 . 3 2 3
-0 .34 =
2-3.212
2 5. 2 1 2  
2 5 . 2 1 2  
25 .212
3 5.212
: ;(l 7 7 7 •* 7 « St *»»*'* -k V- V S! * 7
C ( 'A ) 0(A) A . F 9 A C . =XP. H.L. T H E . H . L CCrtJ.
CC / S F  C CC / S E C CM CM C M / 3 E C
=4 1. 1 6 4  
34 1 . 16 4 
= 4 1 . 1 6 4  
= 4 1 . 1 6 4  
= 41. 164
C . 0 
7 2 . 1 6 7  
14 5.523 
2 0 2 . C 3 7 
2 3 1.15 0
C . 0
0, 1 7 0
0.267
0.331
0.40c
2 4. 6 0 0
2 9.700
3 1 . 0 0 
3 *3 . 0 5
3 7 . 9 0 0
2 4.500 
22 . 7 = 3  
2 4.903 
27 . 3 
3 1 . 4L-
I F . 524 
9,609 
= .4 03 
7. 6 5 2  
: . 3 0 7
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TABLE 4 . 4 (CONTINUED) B U B B L E D R I F T - F L U X M O D E L
t . - AC >■. : r \ : ' •
' . 1 -
. -- : 7 
3 . ■'C 1 
3.4 16 — C . 3:3
- 1 . 2 : •
- ;. i ^
- • 1 - 4
- C . iô 3
: • « : 2 ■’
1 T ,
2 1 . 3 1 -
’"*<4 4 4 ,^ 4 4 4 4 * 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  7 4 4 4  > 4 4 4 4 4 * », 4 4 4 4 4 y> 4 rt * Ç »! - e « «
O ( v> ) 0 ( i ) 4 . F = A C . "•<P. H.L. TF ■ .H . L . c : \ o .
C C/ S E C CC/S EC CM CM c M / j  3 :
<5 3 .
2 5 3 .72 2 
= 83 . 72 2 
2 = 3 . 7 2  7
2 3 3 . 7 2 2
0 . c 
6 '1.7= 0 
1 A 7 . 2  50 
21 6 . -iO ) 
2 7-4. 21 3
0 . 0  
0.157 
C . 256 
0 . 3 2 3  
C. 13 0
3 2 . 7 0 0
3 4 . •=. 0 0
3 3 . 5 0 0  
"I 4 . 3 C 0 
4.'3 .00 0
3 2 . 7 0 0  
.12 . 16.0
3 3 . 90P
4 C . 1 7 0 
4 4.0=1
1 3 .664 
1 0.4 42 
5. 0 7 6  
?. 2 42 
6 . -62
A , =c ,1C 0 . c c N n C « F . L . CM
0 . C 
. 1 47 
0.2 56 
0. 3 33 
0 . 350
0 . 5  
- 0 .311 
— C . l"^  3 
7 1
- C . =2rt
- C . 0 0 c
- 0 . 3 7 1
-C . C6 3
- 0 . .3 9 3
- 0.10 1
1 ;. S 0 9 
17.3 09 
3 ; . 6 C 9 
3 7.193 
1 3.30 0
A .FRAC.C ( 'O 
CC/SEC
21 2 ,CC4 
Ri 2 .0 = 4
212.094
2 1 2 . 0 9 4
« . pR 4C
0 .iH 
C . 102 
0 . 2 6 0  
0 . 3 3 4
0 ( 4 )
CC/SPC
O . O 
P 3 . 817 
m e .  767 
23-5. 26-
3 . 0 
0.132 
C . 26 0 
C .334
C .CCND C .H .L .
O. 0 
- 0 .  2 6  1 
-n , 345
-0.43=
• O . C O O  
-0.04 7 
-0.015 
-0.017
XP . F .L 
CM
4 5 . 0 0 0
51.200 
5 4 . 9 0 0
6 2 . 2 0 0
F.N
•4 3 .739 
9 3 . 7 3 5  
4 3. 7 5 9  
4 3 . 7 8 9
TFT .H .L 
C,V
4 5 . 000 
4c . 91 ^
5 6.052
6 1 . 1 2 1
: n  A  n  Jie jK -je V  w  ^  ’it
CCi-JD.
C M / S E C
1 0 . 93Ô 
5. 050 
7 . 1 6 0  
5. 1 5 2
4 4 ^  4i ****#»: 7** 7 7 %; 4 4-7 4 4 4 -H « 4s:3*4=‘<t:je4tJi«444 4 44 4 4 4 4 4 4 4 »( A A 4:4 7 7
G ( 'A ) 
C C / S F C
259.351 
£59.351 
'•5 9 . 7 3  1
O ( A ) 
C C / S E C
0.0 
40.6 20 
16 4 . 3 3 ?
A . F R A C  .
0 . 0
0. 1 2 3
0 . 2 2 9
A , F R A C .  O . C C M O  C.F.L
C . 0 
0.1?'
0 . 0 
• 0 . m  4
o . c o o  
c . C39
:xp. H.L 
CM
4 7 . 1 0 0
5 0 . 5 0 •] 
•3 -J . 0 C 0
!N
5 0 . 4
50.4 24
T FP ,H.L 
CM
4  7 . 1 0 3  
4 6.503 
= 3 . 7 9 1
C ] (D . 
C M / S E C
1 2 . O 3 4  
9. 037 
P . 0 5 7
1 6 7
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"U o  U Q.'^  I-^ ^^ L.. ZT"i. L, i. ... Ij Ü J*iOL.*.Ci,r
0 , r '  o — r . 1 - : -  C • C --r c 1 1  ^-
*t X "■ -• y V Î» ■’■ '= >‘  ^  ^ ■ <* f T ^ ' ▼ * “ ■» -: t li •.. ': I »t : : V rt ^ ^ ' • ' ■ • * '" ' - •
C r / i ~ C  C C / O r -  v.,‘ ;v C M / i d C
112. r.c 0.0 ■ 3.090 1 C. 900 20. 032
- 1 2 2 .  A Aa -’ •O.' .c:’ 0 .  123 1 2 . 7 0 0  1 1 . 05 , '  - 2 0 . 3 5 1
-  13 2 . 40 A l AA. - Z* »  C. 02C 2 0 .  0 0 0 1 . 9 7 7
A . P P A C .  C . C C N D  C.H.L. AM
C.O C . : -C.C'OO I 3.577
0 . 1 2 3  - 1 . 9 = A -G. 335 - 1 . 5 i'7
0 . C 5 0  -i . A O l  - C . R 2 4  -12 . ? P 7
* < <f a j, ^  y  ^3^, ^   ^ÿ. 3  ^  ^  ^  3{; ^ rt rt 3f ,r ■* * « »: w —- tt ’ t k * * rt * * ^ * It * * ” rt rt * > * rs * ;t a 4 — — — *
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table 4.4 (.CONTINUED) SLUG DRIFT-FLUX MODEL
’ 1 ,
•-CS ! T Y = 3.41 = - zr-j- 1 •
G ( 'A ) 
C C / S E C
13 ? . A c A 
n  2 . AOA 
13 5.A 0 A 
1 = 2» A O A 
1 3 2 . 4 3 A
A. PR AC.
0. c
0 . C79 
0 . I A6 
0 . 1 6 9  
C. 227
'*44
G ( Vi )
C C / S E C
1 7 9 . c91 
179.69 1 
1 7 9 . c91 
I7c . e<5i 
1 7 9 . c91
A . PP AC
0.0 
0 . ces 
0 . 1 5 5  
0 . 1 92 
C . 5A3
4 4 •* « ;
c ( V( ) 
C C / S E C
2a 1. IeA 
1.164 
1 . 16 A 
1^1.16 4 
 ^ 1 . 1 C A
0 ( 4 )
C C / S E C
0 . c 
6 0.620 
12 9 . 9 0 0  
18 7.63?
.CCND
0 . 0 
• C. 70C 
•C . S4 1 
■0.641 
•0.6=5
3 ,F RAC
C . C 
0 . C79
0 . 1 A 3
0 . 1 3 3  
0 .227
C .H .L
■0 .0 00 
0 . C37 
• C. 1 9C 
■C .231 
•0.132
X P , H.L 
CM
6 . ECO 
2 . 5 0 0 
7. 0 0 0  
3.900 
;. 5 0 0
>  2 .H .L 
r w
6 .  ROO 
Ô .73 2 
5.671 
3.759
COMO . 
CM/SoC
3 0 . 7 3 3  
51.302
I A.113
II . 325 
9. 3^1
'M
13.577
1 3 . 5 7 7
1 3 . 5 7 7
14.577 
1 :. 57-
0(4)
C C / S E C
C. C 
6 9 . 2 8 0  
144 .323 
19 A . E E C  
2 0 0 . 0 C 6
C . C C N O
C. 0 
•3.23 1 
•C. 42 = 
0 .473 
C . 57 9
0(A)
C . 0 
72.16 7 
16 4.335 
20 2 .Cc7 
2=1.450
A .FPAC . EXP. H.l
CM
0 . 0 14 .750
C . CE5 16.100
0.155 I 7.AGO
C . 1 92 18.000
0 .24 3 22 . COO
C .H.L. PN
-0 .00 0 25.212
-C .011 2 5.212
3 .C53 2 5,212
0 .1-2 a 25.2 12
C . 1 27 23.212
T H E  .H .L 
CV
I 4.750 
15.924 
1 c . 2 2 7 
2 0 .AP? 
2-4 .76 7
COMO.
C M / 5 C C
19.213 
1 3.743 
11.039 
10.025 
3.108
A . rrlAC
0 . 0 
c. :s2
0 . 149 
3.192 
3 . 54 i
EXP. H.L. 
rM
2 •+ . 5 C 3
1 = . 7 3 0 
i:.00 0 
32.coo
2 7. =30
T H 7  .H .L 
CM
2 4.50 ?
2 7.453 
3 1 .24?
3  4 .  6 C 3 
A ': . ?7 5
CO M O  . 
CM/JEC
15.524 
11.15 0 
9.772 
9. 0 05 
7.514
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TABLE 4.4 (CONTINUED) SLUG DRIFT-FLUX MODEL
f  , = ~  AC , .3 C ,H .L . - ,'t
r  j '
7 .  : .: 
9
t' . : 17 
0.-41
- :.  ^;. 
- 0 . 3 1 -
- : - : 7 •
:. J ' :
. • : 3
c • cf 3 .1 . 6 3-
W * ".c TÎ V * * rt r: * * . 4 rt rt rt 4 M X rt * M « % 4 »! M A * 1 : * 4 4 * T * * * " rt rt rt rt rt rt rt f,r rt rt
C ( ) 0(1) A . P 4 A C . 3 X P .  H . L . T H 2 . H . L . C JfO .
C C / S F C C C / S E C CM CM C M/3EC
2 9 3 . 7 2 2  
= 8 3 . 7 2 2  
‘"63 . 722 
=83.73 2 
= 6 3 . 7 2 2
C . C 
6 4. Ç r 0
14-.220 
2 16. 5 0 0  
.'74 .2:3
0 . 0 
0.071 
C . 146 
C . 12 6 
C . 232
1 7 . 7 0 0  
3 4.80 0 
3 1.500 
» 4  . 3 0 n 
-V ,  0 0 0
3 2 . 7 C 0
3 5.-64
4 1,007 
4 7,163 
5 1 .94c
13 . 6 3 4  
11.5 01 
9 . 6 7 0 
6.163 
7,2 31
A ,FR AC. 0 . CC NO C . H  . L  . P N
0 .  C 
0. C 7 1  
C. 146 
0 . 19A 
0. 232
0. C 
- 0 . 1 5 3  
-0  . 293
-  C . 4 0 3
— 0 . 46 7
- C .0 0 0 
C . 04 c 
0 . 0 4- 6 
C .  Ct 5 
C .  C 5 C
3 7.50 9 
3 1.509 
17 . 5C 9 
3 9 . 9 C 3 
3 1.3C0
rt if rt rt rt rt *  rt rt rt rticrtr, rtrtrtrtrtrtrtrtrt**rtrtrtrtrt rt k rt rt rt Xe rt 4 rt rt
0 { M ) 0(/ ) A .F9AC. = X P .  H.L. THE .H .1. . CO to.
CC/ScC CC/SEC CM CM CM/52C
=12.CÇ4 
'I 2.C?4 
2l2.C94 
312.094
0 . 0 
Q - . 6 1 7 
J 59. 767 
235. 26 2
C .  0 
0. 0 9 7  
0.151 
C .2C5
4.5 , c c 0 
5 1. 2 0 0  
5 4 .900 
5 2 . 2 0 0
4 5  ,000 
5 3 . 3 7 7  
5 9.610 
c e . ccp
10 . 9 3 3  
3.734 
7. 31 7 
6.7 31
a . = =  AC. C.CCND C . H . L . PN
0. C 
0 . 0 9 7  
0.151 
‘ 0 . 2 0 5
0 . 0 
- 0 . 2 0 1  
- 0 . 290 
- 0 . 3 6 5
- 0 . 0 0 0  
0. 0 4 3  
C. 090 
0 . 0 9 3
4 :• .79 9 
4 0 . 7 9 9  
4 3 . 7 8  0 
4 3 . 739
A ,FP>AC .C{Vi ) 
C C / S E C
3 5 0 .? 91 
339.531 
R = 9. = 9 1
o ( A ) 
C C / S E C
C. C 
C C . £ 2 C 
14 4.2::
A .F = AC .
0.0 n , r? 2
ccNc
0 .0 
-C . 1
C . 0 
0.362 
C. 124
C.H . L .
-C . CCC
C . C25
;XP. H.L. 
CM
4 7 .ICO 
5 0 . 5 0 0  
2 J . 3 C 0
THE .H.L 
CM
4 7.100 
51.7 4= 
5 6 . 6 5 7
CCNO . 
C M / 3 EC
1 2. 3 34 
1 0. 5 35 
9 . 5 5 5
7M
5 3.424 
50 .4 24
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0 . i 7  ,* -  C . 2 f - -  C . 0 C 2 13. 12 :
* < »  .-i y ij ‘ Ï- ■!: -* rt rt i. 1 -V -' -■ 1. , J -f -t il :■ ! I »: ; ., « !• ' ; -r ^  • i: t . ■ , * ■ < ; ;  ,j )« : ' ' «
C( .')‘ ' * ' ( - }   ^ * k. . : H - # H * L. * . . i J »
c c / p - c  rc/src c m  c m / o = c
1 3 ? , /• 0 4 r. . C C . C 1 0. 000 1 0 .00? 2 0 . c 3 2
-13?. 6 ]4 7 2 . 1 6 7  3. 133 1 ', .700 11.9 32 -22.4^1
- ) 3 2 . f' 0 4 14 = .373 C .222 -2 6.COO 12.73- -14.741
»v .
4,FRAC. C.CCNC C.H.U.
0, C 0.0 -c , oc 0 1 -3.577
0 , 1 3 8  - 7 .C77 - C .23c - 1 3 . 5 7 7
0.222 -1 . 7 C 6  -C.510 - 1 2 .577
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TABLE 4.5 
AIR WATER FLOW DATA FOR 1.67 CM POROUS MEDIA 
HOMOGENEOUS MODEL
= 1 . 5  6 C M
C S I T Y  =  0 . 4 3 ?  S H A P E  = A C T I P  -= 1 , « 2
0 ( W)
C C / S E C
0 ( A )  
CC/S EC
I
26 4 
?6 4 
26 4 
26 4 
26 4 
26 4 
2 6 4 
264
0 .
37. 
9 3. 
145. 
193 . 
23 9. 
282. 
46 4 .
C
527
8 1 7
7 7 7
407
593
Ç93
753
A .FRAC
0.0 
0 . 120 
0.25 3 
0. 347 
0 . 4 1 4  
0 . 46 5 
0 . 3C 3 
C .629
EXP H . L
CM
2 6 . 2 5 0  
2 7 . 1 5 0  
27 .600
3 0.53 0 
3 1 . 9 0 0
3 4 .6 0 0
3 9 . 0 0 0
4 3.80 0
T HE .H .L 
CM
2 6 . S50
2 2 .645 
2 4 . 8 1 4
3 0 . 6 6 8  
3 9 . 27? 
5 0 . 0 9 =  
6 2 . 2 1 6
13 0.927
CONC . 
C M / S E C
1 5 . 4 0 8  
17. 3 2 2  
2 0 . 1 1 6  
2 0 . 7 3 9  
2 2 . 1 1 4  
2 2 . 4 0 2  
2 1 . 5 4 9  
25 . 4 5 0
A , RR AC . n. C C N D C .H .L . RN
0. 0 0. C -0 . )00 3 2 .47 3
C. 120 0.124 -C . 129 3 3 , 4 7 3
0. 255 0 . 2 0 6 - C . 101 3 3 . 4 7 3
0 . 3 4 7 C. 346 C, 005 1 2 . 4 7 3
0 . 4 1 4 0 . 4 3 5 0. 22 1 3 3 . 4 7 3
0 . 4 6 6 0 . 4 5 4 0 . 44 8 3 3 . 4 7 3
0 . 50 e 0. 399 C .595 3 2 . 4 7  2
0. 6 2 9 0.65 2 1 .939 3 3 . 4 7 3
0 ( W) 
C C / S E C
1 7 0 . 2 3 3
1 7 0 . 2 3 3
1 7 0 . 2 3 3  
1 7 C . 233
1 7 0 . 2 3 3
1 7 0 . 2 3 3
1 7 0 . 233
0 ( A )
C C / S E C
A .FRAC E X P . H.L 
CM
T H E . H . L . 
CM
C O N O .
C M / S E C
0.0 0.0 1 1 .050 1 1 .050 22 ..238
3 7 . 5 2 7 0.181 .12. 200 5 .482 2 5 . 6 8 7
7 5 . 0 5 3 0 .306 12 . 500 4 .264 2 9. 5 9 9
1 C 8 . 250 0. 3 8 9 1 2 . 4 0 0 5 . 7 2 0 3 3 . 5 7 6
1 7 2 . 2 0 0 C.5C4 1 2 . 2 0 0 1 2 . 5 8 8 4 2 . 4 6 2
2 2 5 . 1 6 0 C. 5 6 9 1 2 . 9 0 0 2 2 . 6 1 7 4 6 . 2 3 3
2 8 2 . 8 9 3 0 . 624 1 5 . 8 0 0 3 7 . 9 4 4 4 3 . 2 5 9
A.FR AC . C . C O N O C . H . L . P N
0 . 0 0 . 0 - C . 000 2 0 . 7 7 6
0.131 0. 105 - 0 . 5 5 1 2 0 . 7 7 6
0 , 2 0  6 0. 274 -0 .659 2 0 . 7 7 6
0. 289 C. 45 8 - 0 . 5 3 9 20 ,776
0 .504 0. 827 C . 11 4 2 0 . 7 7 6
0 . 5 6 9 C. 990 0 .821 2 0 . 7 7 5
C. 624 0 . 8 6 2 1 . 402 2 0 . 7 7 6
«* rt T rtrtrtrtrtrtrtrtrtrtrtrtrt*rtrt Artrtrtrtrtrtvrtrtrtrtrtxtvrt
o( w) 0 ( A ) A . F R A C ,  E X P .  H . L .  T H E . H . L . C C N D
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asElaisBi,
TABLE 4.5 CCONTINUED) HOMOGENEOUS MODEL
C C /  P- ^C C C / S E C CM CM C M / S E C
? ?  1 .  0 - ^ 9 C .  0 "  .  C 7 7 . 5  0 T rt .  -  = 0 1 = . 1 : 3
3 3 1 .  : 0  ? < = , 6 = 7 C .  1 1 2 3 1 .  rt : 1 « 4 6 - t. rt
3 3 3 . 0 0 9 R - . 7 1 3 C .  2 0 .i i : .  3-0 i 2 . 7 6  ■ 1. 0 . 3 3 7
3 3 1 . r c  9 1 3 = .  7  F 7 0 . 2 9 6 3 ? . 5 0  0 3 7 .  F r t - 2 n.o-j 3
:• 3 1 .  C 9 1 6  7 . 4 2 7 C .  3 3 6 1 3 . 5 0 0 rt2.537 2  2 . rt 4 3
3 3  1 . 0 0 ® 2 1 6  .  5 0  C 0 .  3 9 5 3 5 .  ■? 0  0 —2 . 3 1 0 2 3 .  1 3 5
A .  F R  A C . 0  . C C N D C ,  H .  L  . CN
0  .  0 0 .  0 - 0 . 0 0 0 40 . 3 9 3
0 . 1 4 2 0 . 1 8 5 - C  .  0 2 9 4 0  .399
0  .  2 0 2 C .  2 7 6 0 . 0 1 3 4  0 . 3 9 3
0 .  2 3 6 0  .  3 7  9 C .  1 2 4 4 0 . 3 9 8
0 .  3 3 6 0  .  4 0  1 0  .  2 7 9 4  0 . 3 9 8
0 . 3 9 5 C . P 2 " ' 0 * 4 6 6 4 0 . 3 9 3
C( VO 
C C / S F C
2 2 6 . 9 7 8
2 2 6 . 9 7 8
2 2 6 . 9 7 8
2 2 6 . 9 7 8
2 2 6 . 9 7 8
0(A) 
CC/S FC
0 . 
50 , 
133 
107, 
2 6 4 ,
C
5 1 7  
50 5 
633
A .  P R  AC
0.0 
0 . 1 3 2  
0 .370 
0. 4 5 3  
0. 538
0 ( W) 
C C / S E C
406.668
406.668
4 0 6 . 6 6 8
4 0 6 . 6 6 8  
406 .668
A . FR AC
C.O 
0 . 103 
0. 246 
0. 31 6 
0 . 3 9 6
G ( Vv )
C . C C N D
0. 0 
0. 25 0 
0. 4 5  1 
0 . 5 1 8  
0 .479
O ( A ) 
C C / S E C
0.0 
4 6 . 9 0 8  
1 3 2 . 7 8 7  
1 8 7 . 63 3  
2 6 7 . 0 1 6
C .CCND
0. 0 
0. 080 
C. 220 
0 . 3 1 2  
0 . 389
Q ( A )
A .FRAC
C . 0 
0 . 1 3 2  
0 . 370 
0 .453 
0 . 5 3 8
C.H.L,
-0.000 
- 0 . 2 4 2  
- C . 110 
0 . 1 6 5  
0 . 6 1 7
0 . 0 
0 . 1 0 3  
0 . 246 
0 . 3 1 6  
0.39 6
C .H.L
•0.000 
"0 .027 
0. 039 
0 . 251 
0 . 5 0 9
EX P .  H.L 
CM
1 3 . 4 5 0  
1 3 . 0 5 0  
2 0.2 00 
22.200 
27.0 00
T H E . H . L  
CM
16.650 
1 3 . 6 9 0  
17 .97 6 
2 6 . 3 0 0  
4 2 . 6 4 6
COtJD . 
C M / S E C
1 3 . 5 5 7  
2 3 . 1 9  9 
24.913 
23,171 
2 7. 4 3 6
RN
2 7 . 7 0 2
2 7 . 7 0 2
2 7 . 7 0 2
2 7 . 7 0 2  
2 7 . 7  02
E X P . H.L 
CM
4 5 . 6 0 0  
4 7 . 1 0 0
4 9 . 6 0 0  
5 0 . 8 0 0  
5 4 . 4 0 0
RN
4 9.632 
4 9 . 6  3 2 
4 9 . 5  32 
4 5.6 32 
4 9 . 6 3 2
T H E  .H.L 
CM
4 5 . 6 0 0  
4 5 . 8 0 7  
5 4 , 0 2 3  
6 3 . 5 2 9  
3 2 . 1 0 0
C O N D  . 
C M / S E C
13.4 52 
1 4 . 5 2 6  
16.40 5 
1 7 . 6 4 6  
18.6 30
********** fcrtrtrtrtrtrtrtrt X rtrt*# ***** rtrtv rt:* rtvrt * *
A . F R A C .  E X P . H . L
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;r(4>'A:;;;r'r ,'r,' iiMfil' ,
aABLE 4.5 (CONTINUED) HOMOGENEOUS MODEL
C C / P F  c C C / S E C C M CM C M / 3 EC
'•12.094 
1 2 . -7 4 
'1 2 . C 94 
'1 2 . r 94 
3 1 2 . 0 9 4
= . c
4 c . 9C 8 
13 7.117 
1 9 7 . 6 3 ?  
2 9 0 . 0 0 6
0 . 0 
0.131 
0 . 30 5 
0 . 37 5 
0 . 4 7 3
7 5 . C 8 0 
2 . 6 0 0 
3 : . 7 0 .1 
3 1 .900 
3 5 . 0 0 0
5 C . ■? 5 ? 
2 7 . Rrt O 
34 . 3E^5 
4 2.46 5
6 3. 8 0 4
\ o • J 6
1 =. 17-
2 2.071 
2 3. 6 3 0  
2 5 . 0 1 3
A . FR AC . C . C C N D C .H .L . FN
0.0 
0 , 1 3  1 
0. 305 
C. 3 7 5  
0 . 47 3
0 . 0 
C. 169 
0 . 4 0 9  
0.50 5 
0 . 6 2 9
-C . CCC 
— C . 056 
0 . 1 1 9  
0.331 
0 . 823
3 3 .09 0 
3 9 . 0 9 0  
3 3 . 0 9 0  
3.9 . 0 9 0 
3 9 . 0 9 0
*’* * * * * * * * * * *  * * * * * * * * * * * 4 4 * * *  * * * * * * * *  ***X.'*X«** ** * * * * * ***<:****>
C{ W) 0(A) A .FRAC . EXO. H.L T H E . H . L . COND.
C C / S E C C C / S F C CM CM C M / S E C
12 2 .40 4
1 3 2 . 4 0 4
13 2.404
1 3 2 . 4 0 4  
132.40 4
A . c-R AC
0.0 
0 . 329 
C. 49 2 
0. 59 5  
0 . 6 6 7
O ( W) 
C C / S E C
1 3 2 . 4  04 
13 2 . 4 0 4
1 3 2 . 4 0 4
1 3 2 . 4 0 4  
13 2 . 4 0  4
A.FR AC.
C.O 
O'. 207 
O . 44 6 
C. 5 6 7  
C . 6 3 6
0
64, 
128. 
19 4 
265,
C
95 C 
457 
6 50 
57 3
0 . C C N D
0.0
0 . 6 4 6
0.042
1. 0 3 0  
1 .592
C . 0 
0 . 129 
C .492 
C. 5 95 
C . o67
C .H.L.
•C. COO 
■1 . 124 
•O. 659 
0 . 43 2  
2 . 4 3 2
6 . 9 0 0  
6 . 250
7 . 0 0 0  
3 . 4 0 0
3. 0 0 0
RN
16.159
1 6 . 1 5 9
1 6 . 1 5 9
16.159
16.159
6 .900 
- 0 . 7 7 1  
2 .  3 8 4  
1 2 . 0 2 6  
2 7 . 4 3 9
2 B .9 44 
47. 63 0  
56.21 1 
5 3.765 
7 5. 0 3 8
0(A)
C C / S F C
0.0 
34.640 
1 0 6 . ec7 
1 7 2 . 2 0 0  
2 3 0 . 9 3 3
D . C C N D
0 . 0 
■0.583 
0 . 9 1 7  
•0 . 898 
■0.79 7
A .FRAC
0 . 0 
0. 207 
0 .446 
0 . 5 6 7  
0 .636
C .H .L .
■0 .000 
0. 330 
0 .433 
0 . 54 5 
C .756
EXD. H.L 
CM
3.6 00 
1 5 . 4 0 0  
20.100 
2 6 . 0 0 0  
31 .500
T H E  .H.L 
CM
8 . 6 0 0  
2 0 .489 
2 9 . 9 1 5  
4 0 . 1 7 4  
5 5 . 3 1 4
Xt****** * *
C3ND.
C M / S E C
2 3 . 2 2 3  
9 . 5 7 6  
1 . 921 
2. 36 7  
4 . 7 1 3
RN
1 6 . 1 5 9
- 1 5 . 1 5 9
-16.159
- 1 6 . 1 5 9
- 1 6 . 1 5 9
.***■*************************4***4************
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table 4.5 CCONTINUED) BUBBLE DRIFT-FLUX MODEL
I - y = C . 4 3 ? S WA P  i  = A :: T C -  -  1 . 9
U > X rt ■* A -> rt X * rt * .X s’! * *  * * « *  rt * « k ? « « k rt *  vt * s *  « * *  * *  a *  * * *  * « * * *  *  *
C ( ' V )
C C / E S C
0 ( A )  
C C / S  EC
A ,FRAC
?7 4 , 
27 4 
27 Ù 
27 / 
27 4 
27 4 
?7 4 
27 4
7 6 4  
264 
2 6 A
C rt 4
2 8 A 
264 
2 34 
2C 4
C .
3 7 . 
3? .
1 V 5 .
1-53.
2 3 3. 
242.
4 6 4.
0
5 7.7 
£ 1 7•7 ■> -7
4 07 
= c =
.0
. :99 
.111 
. 255 
. ICc 
. 35 C 
. Zb 1 
.319
E X ® . H.L. 
CM
■2 6 . £ 5 0 
2 7 . 1 5 0
2 ? . 6 C 0 
: 5.350
3 1 . 9 0 0  
3 4 . 6 0  0
3 3 .  G C 5
4 3 . 5 0 0
T H "  . H . L  
CV
2 6 . 5 5 0  
2 £ . .233 
2 £ . e 4
2 7 . 51 0 
2 =.4=0
3 1 . 6 6 0  
3 3 . E90
4 4.754
CO t o .
C V / S J C
15.4 OS 
1 2 . 7 5 2  
t C. )4 3 
o. 3 57 
2. 532
7 . 7 6 Ç)
5 . 034 
3 .?■ 5 3
A .  =R AC O .  C C NO 0 .H.L .
0 . 
0 
0 , 
0 , 
0 , 
0 
0 
0 ,
C59 
1.9 1
'55 
306 
350 
397 
51 6
0
• C
•c
■0
0
172 
■0.269 
•0. 392 
4 4 3 
4Ço 
0. 5 5 0  
C .624
.000 
. C7 1 
.06 4 
.ICO 
. C7 5 
.05 5 
.16 1 
.022
33 .47 3 
3 3 . 4 7 3  
3 3 . 4 7 3  
3 3.47 3 
6 :.4?3 
3 3 . 4? 3 
3 3 . 4 7 3  
.3 3 . 4 ? 3
C {'A ) 
C C / S E C
1 7 c . 233 
1 7 0 . 2 3 3  
170. 533 
170 . 233
1 7 0 . 5 3 3  
170 . 233
1 7 0 . 5 3 3
A.FR AC.
0. C
0 . 1 2 3
0.191
0 . 5 3 9
0. 3 2 1
0 . 3 9 0
0 . 4 4 0
0(A)
CG/SS!
A ,FRAC . E X ® . H.L 
CM
C . C 
3 7 . 5 2 7  
7 5 . 0 5 3  
5 5 C 
2 CO 
1 6 C 
593
1 C = 
173 
22 5 
532
C . C C N D
C . 0 
■0.412 
■0.513 
■C.=61 
•0. 623 
• r, .667 
•C. 7 1 a
C.O
0 . 1 2 3
0.191
0 . 2 3 9
0.321
0 . 33 0
0. 440
C .H .L
-0.00 0 
■C .434 
•0 .54 1 
•0 .372 
■0 .573 
■0 .53 1 
■ C .022
11 .050
13.200 
1 2 . 5 0 0  
1 2 . 4 0 0
12.200 
1 2 . 9 0 0  
1 5 . 0 0 0
RN
2 0 . 7 7 6
20.776 
2 1.775
2 0 . 7 7 6  
30.77 6
20 .776
20 .7?6
T H E  .H.L 
CM
I 1 .050 
5. 9 0 6  
E .737 
5.311 
5 . 1 5 2  
5 .399 
5 . 9 7 0
C ONO , 
C M / S E C
2 3 . 2 3 3  
1 3 . a 7 3 
11 . 3 1 9  
1 0 . 2 0 3
а. 751 
7 . 7 4 2
б. 543
* * * * * * * * * * * * * * * *  X» * * * * * * * * * * *  X : * * * * *  7 * *
C ( A ) A .rRAC . :X® . H .L .
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T'-'TTUX"' /.üu7::ïT
c r/ = = r
•;• 1 . -r c 
i : -i . c ? R  
: : i . C C S  
= 5 1 . COS
C C / î
? ■' ? 
1C 7 
Z 1 <'
7 - ■  
= r •'
ECO
 ^. 1 r rt- 
C ..; rt J
c . rtîo c 
c . 307
r ,v
._.»•■ )
■ i, : 0
m  . 6 ) )
2 - .500
3 5 . 7 1 0
- ,  1. 
: ■.
/ 1 
1 2!
C v / 5 : c
>0
-. c . J 9 J
i  0 .  o LO
9 . o c 6
A . AC. r .CCNO U . H . L. • TN
0 . C 
0 . 1 1 9  
0 . 1 6 2  
0 . ?23 
0 . 2 Ô 0 
0. 307
0 . 0 
- C . 149 
- 0 . 1 9 6  
- 0 . 27 4 
-0. : 38 
-C . 367
- C .00 1
- C . 0 1 c
C . CC 9 
C . C2 3 
C. C67 
C . C 6 =
4 0. 3 9 8  
4 0 . 3 9 8  
rt 0.39 3 
4 0.398 
4. 0 . 3 9 8 
4 0 . 3 9 3
X V k * * X A* * * 4 * * * * * rt: T: - f « /: :« X: * -A * k * -rt „ X, X * i * * * A * * * X: Xc it * * Xs * X: *
C ( Vi ) 0 ( .4 ) » .FA AC . 3 X ® . H.L. - H - . H . L . C C N D  .
C C/S = C C C / S E C CM CM C M / 3 C C
? ® 6 . Ç70 
2?? .978 
226.9 76 
2 2 6 . 9 7 8  
2 2 6 . 9 7 6
c. c
= = . = 1 7  
1 3 3 . EC8 
1 8 7 . 6 3 “ 
2 6 4 . 1 2 9
C . 0 
0 . 1 3 5  
0.2-5 6 
C . 21 7 
C .393
1 8 , 4 3 0  
1 -3 . 05 0 
1-0.2-00 
2 3 . 2  CO 
3 ? . COO
1 6 . 4 5 0  
16 . 3 3 3 
1 6 . 3 6  -0 
1 6 .700 
1 £. 9 7 5
1 8 . 5 5 7  
1 ? . 5 4 7 
1 0 . 1 1 3  
8.751 
7. I 40
A .FP A C . C .CCNO C .H.L. PM
0 . 0 
0 . 1 3 5  
0 . 256 
0 . 3 1 7  
0 . 3 9 3
0 . 0 
- C . 27C 
- C . 4 5= 
- 0 . 5 2 8  
- C . 6 1 =
-0 . 00 C 
-C .15 1 
- 0 . 2 2 5  
-0 .24.4 
— G .297
3 7 . 7 0 ?  
2 7 . 7 0 2  
rt’’ . 7C 2 
27 .7 0 3 . 
2 7 . 7 0 2
C ( A 1 0(A) A , FRAC . =X® . H. L . T H £ .H.L . CC'IO .
C C / S E C C C / S E C . CM CM C M / 5 E C
AO 6 . 6 6 6
4 0 6 . 6 6 8
4 0 6 . 6 6 8  
4 0 6 . 6 6  8
4 0 6 . 6 6 8
C . C 
4 6 . 9 C 3 
1 3 2 . 7 6 7  
1 8 7 . 6 3 3  
2 6 7 . 0 1 6
0.0 
C. 09 2  
0 . 2 0 2  
0 , 2 = 7  
0 . 3 2 2
4 = . c C C  
4? . 100 
4 9 . 6 0  0 
= C . 300 
54 . 4C0
4 5 . 6 0 0  
4 = . Cc7
4 9 . 6 9 ®  
5 2 . 9 6 2
5 £ . 324
1 2 . 4 5 2  
1 1 . 7 9 6  
1 0 . 1 5 7  
9. 51 3 
6 . 564
A . = P « C . C . CCNC C . F . L . R N
0.0 
0. C9 2 
C . 20? 
0 .2 = 7 
0 . 3 2 3
0 . C 
- 0 . 1 2 3
- 0 . 3A =
- C . 2 9 .’ 
- C . 36 3
- 0  . 0 0 0  
—0 .024 
0 .00 2 
0 . 0 4 3  
C .072
4 ® . 6  32 
4 0.632 
4 3. 6 32 
4 1.632 
4 9 . 5 2 2
X:-* -k *
O ( N ) 0 ( 4 ) A .F C , AC . 3.<9 . H.L. T F -  .H  . L  . C 3  to.
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r *1 -     •. . . ... • ' •    - - . 
c c / s = c CC/9 3C C'e/oZZ
; 1 : : a . . : ■' 1. ; •> ) ' = .• I •
ii: r Ç c • 3 7 . ?
■ 1 2 C /-. L“ 7 . !■ J ? , *7 - “ : : . • : -J ) •
21 2 CÇ4 ? 3 . 0 C ? 5.36; : : . 0 0 0 3 7 . 3 3 - T «
A . AC .
0.0 
c . i  c®
0 . 2 3 4
c . Z 3 7 
0 . ?6 Ç
.CCNO
c . 0 
■0 . 152 
0 . 3 0 4  
0. 3 5 3  
■ C . 4 5 C
C .F .L
c . c c c
c . C29 
0 .003 
C . C29 
C . C6 7
N
3 3.090 
3 3 . C 9 0 
18.090 
3 3.390 
1 3 . CCC
c  (  V / )  
C C / c P  C
O ( A ) 
C C / S E C
X® . H.L 
CM
TFF .H.L 
r V
C3M J. 
CM/S^C
12? . 4 C4 0 . 0 0 . 0 6.-700 6 .900
13 2 . 4 0 4 6 4  . 95 0 0.181 6.2-50 0.62"^
12 2 . 4 c 4 1 28.4 57 0 .274 - . 700 - i . 0 .3 '
13 2 . 4 = 4 1. 9 4 . E 6 C C .360 3 . 4 0 0 - 2 . 1 P 3
132 .4 = 4 ZEE. =7 3 C .442 3.000 - 2 . 8 5 1
29 
1 2 
c
. 944 
.55 5 
. 23 .5 
7. 2 42 
6 . 3 2 0
‘4*
A . PC AC
0.0 
0. IF 1 
0 . 276 
0 . 3 5 0  
0 . 4 4 2
4*4
.CCND
C . C 
-0.656 
■0 . ES 1 
•0.750 
-0.792
C .H.L
-0.000 
- c  . -iOO
- 1 . 1 4 7  
-1.253 
-1 . 257
1 6 . 1 5 9
1 5 . 1 5 9  
1 5 . 1 3 9
1 6 . 1 5 9
1 6 . 1 5 9
,sf*4 4 44 4 4 * * * 4  X:X: * * * —* * * *
C( W ) 
C C / S F C
122 .404 
•122. 404 
•122 .404 
■122 . 404 
1 3 2 . 4 0 4
A.PC AC
0 . G 
0 . 1 9 1  
0. 274 
0. 070 
C. 1F7
Q ( A ) A . FFAC . - X P . H.L. TF 5 . H . L . C O N O  .
C C / S E C C M CV C M / S 5 C
C . 0 C . C ' 3 . 6 0 0 5. 6 0 3
34 .64 C 0. 1 5 1 1 6 . 4 0 0 1 € . CC3 - 2 A ,
1 0 6 . 8 0 7 0 .27 4 20.1 CO 16 . 2S« - 3 6 . 4 1 2
173.2 CO C .070 2 6 . 0 0 0 6. 3 7 2 -e.955
2 3 0 . 9 3 5 C. 187 3 1 . 5 0 0 1 6 . 34S - 9 . 2 5 7
C . C C N D
C. C 
-2.496 
•2 .571 
•1 .386 
1 .399
C . H . L .
-O.COO 
0 .03 9 
-0.190 
"C .755 
-0 .481
FN
1-3.159
-15.159
-16.159
-16.159
- 1 6 . 1 5 9
**444Ji44**4********X-^**'-*:x****k A •kXrXt*Aa*ï>4**X-44:**4X:*-*-a***.X**
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Table 4.5 (c o n t i n u e d ) s l u g  d r i f t -f l u x  m o d e l
= I m  f cM
I - * = o.k.?;: CH.1P5 4 AC 1 . 5
4* « * * A X: * rt rtt »!s;: n ïr : « sr :*t A sit * * * A i‘: •< V
0 ( 'V ) 0 ( A ) A . F  ;  AC . • 2 X P .  H . L . T F F . H . L . C C N O .
C C / S E C C C / S = C C M C V C V / 3 2 C
2 7 4 , c 6 A 0 . 0 0 . 0 2 6 . 8 = 0 2 6 . 6 5 0 1 5 . - 0 3
2 7  X- , 2 5  4 3  -  .  5  2 7 0 . 3 .2 ? .  1 5 0 2 8 . 2 4 7 1 4 . 0 5 3
2 7  a ,  2 < 6 93 .  = ) 7 C . 100 2  7 . 6 0 0 3 0 . 7 2 4 1 2 . 5 - 1
2 7 4 , 2 6 4 1 4 5 . 7 7 7 0.14 = 8 0 . 5 3 0 3 3.411 10.012
2 7 4  , 2 6  4 19 3. 4 0 7 0.1=0 3  1 . 9 ) 0 3 6 . 1 6 : ' - ® . 0 5  3
2 7 4 , 2 6 4 2 3  ~ .  =93 0.211 1 4  .  6  0 0 3  5 . 0 6 1 9. 013
2 7 4 . 2 * 4 28 2. 9 3 0 . 236 i 9.000 4 1 .  5 4 5 8.017
2 7 4  ,  2 5  4 * 6  4 . 7  6 5 0 . 3 1 9 1 3 . 0 0 0 5 =  .  ? 5 0 5 . 0 0 3
A , =R AC . C . C C N D C . H . L . O
; \t A »t
0 .  c
0 . 04 3 
0.100 
0.14 = 
0 , 1 8 0  
0.211 
0 . 2 3 6  
0 . 2 1 9
0 . 0
■ 0 . C 4 ;1
■ 0 . 18 4 
■Ü . 29 = 
•C.352
■ 0 . 4 1 4  
• C .  4 8 0 
C . 5  = 8
•C .000 
0.040 
0.112 
0 .094 
0 . 1 2 4  
0 .1 2 ? 
D . C76 
C . 2d 4
4 7 3  
4 7 3  
4 7 .3 
4 7  1 
4 7  3 
,  . . 4 7  3
3 3 . 4 7 3
1 2 . 4 7 3
31a-
Q(’a)
C C / S F C
1 7 0 . 2  3 3  
1 V c . 2.3 3
1 7 0 . 2 3 3  
1 7 0  . 2 3 3
1 7 0 . 2 3 3
1 7 0 . 2 3 3
2 7 0 . 2 3 3
A .FR AC
0 , 0 
0 . 0 4 8  
0 .  0 9 1  
C .  1 2 4  
0 , 1-^ 6 
0.210 
0 . 2 4 2
C { V. )
0 ( 4 )
c c / s s c
c. c3 7.-327
7 5 . 0 = 3  
I C S . 2 = 0  
1 7 2 . 2 0 0  
2 2  5 .  16 C 
2 8  2 . = 9  2
C . C C N O
0 . O 
0 .2=2 
■0 . 3d 3 
•c.4 1 e 
■C.  4 8 9  
-0.542 
■0.6 15
A.FFAC
C .  00.049 
0 .  C 9 1  
C . 1 2 4  
0 . 1 7 5  
0.210 
0 . 2 4 2
0 .F .L
- 0 . C 0 0 
- 0 . 1 0 6  
-0.114 
-0.074 
0 . 0 5 5  
0 .120 
0.044
E X P . H.L 
CM
TF-.H .L
CM
1 I  
12. 
1 2 , 
1 2 
1 2 
1 2 , 
1 5
0 5  C 
2 0 0 
5 0  0 
4 00 
200 
9 0 0  
8 0 0
. 0 5 0  
9 1 0  
0 7  = 
4 3 6  
= 86 
14  . 4  4 2  
16.402
COND . 
CM/St£C
2 2 . 2 3 8  
1 7. 373 
1 4 . 8 0 4
1 2 . 5 2 1  
1 1 .  J S 3  
1 0 . 6  4 3  
a .  9 4 0
FN
2 0 . 7 7 6  
2 0 . 7 7 6  
2 ) . 7 7 6  
2 0 . ? 7 6  
2 0 . 7 7  5 
20 . 7 7 5  
2 0 . 7 7 5
0 ( A ) A . F F A C E X P .  F . L .  T F t . H . L .
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CON 3
C 0/ = " C CC/S r r C"' r V -V/9 5C
: » , .re: _ ! ' - - . ~ Z J
' , e -■ c " ■' . - . - ! •'.-. - . ' : ' . • * . •> - A
} - 1.0] 9 -I : . -  1 1 ! :. 3 i ] 3 i • ) 1 . ; 7
2 3 1 .cor 1 ■ ' • ]. r. z  y : :. - ) : 3 9 . 1 . J 1 J
11 1 . C 0 9 167. 4 3 7 0.13*- : 3 . L 0 ? rt i .- rt = 11 . -.1 j 0
2 y 1.009 21 =. T C C C . 1 £ ? 3 5 . 7 0 0 rt rt . "36 i 0 .90?
A . F R A C . C .CC NO C . H . L . RN
0 . 0 0 . r\ — 0 . H 0 0 A 0 . 3 ] a
0 . 0 5 8 -C . 07 1. 0.091 4 0 . 3 9 0
0. C85 — c . 107 0. 1 3 6 4 0 . 5 9 3
0 . 1 2 7 — 0 . 18 2 0 . 1 7 5 4 0 . 3 9 3
0 . 1 5 4 - c . 2 10 0 . 2 3 5 4 0 . 3 9 8
0 . 1 = 9 -0 . 250 0 . 2 4 5 1 1 . 3 9  1
< k * * -k A * *  A VAX"» A «a:
C ( W ) 0 ( A ) A .FFAC . : X ® . H.L. TF r .H.L . C C N O  .
•CC/SFC CC/S FC CM CM C M/S SC
2 2 6 . 9 7 = 0 . 0 0 . 0 1 8 . 4 5 0 1 = .450 1 = .5 57
2 2 6 . 9 7 9 .5 0 . 5 17 C . 06 0 1 :3 . 05 0 1 9 . 37 5 1 6 . 1 2 5
2 2 6 . 9 7 8 133. SOS 0.140 30 . .20 0 2 ; .83 5 12. 174
226 . 9 7 5 1=7. 6 53 0 . 1 8 2 2 2 . ® 0 0 24 . 00? 1 0 . 7 3 2
2 2 6 . 9 7 8 264. 129 C . 230 2 7 . 0 0 0 27 .6 38 8.7 15
« . FR AC . 0. CC N O C . H .L . RN
0 . 0 0 . 0 -0 .000 2 7 . 7 0 2
0 . 0 6 0 - c. 1 3 1 0 .073 2 7 . 7 0 2
0 . 1 4 0 -0. 3 3 3 0. 0 5 1 2 ? . 7 0 2
0 . 1 8 2 — 0 . 422 0 .08 1 2 7 . 7 0 2
0 . 2 3 0 ■ - 0 .5 3 0 C .024 2 7 . 7 0 2
* * * # # # * * # % ( * * * * * *  k * *X : * & * * * * * * a * *X : * * *X «* * * * *X :X (X :
C ( '«. ) 
C C / S E C
406.666 
406.66 8
4 0 6 . 6 6 6
406.666 
4 36.66 6
4. rP AC
0.0 
0 . 046 
0.119 
0.159 
0.210
0(4)
C C / S E C
C . 0 
4 5 .  9C 6 
13 2 .  7 8 7  
1 0 7 . 6  3 8  
2 6 7 . C 16
A . F F .4 C .
0.0 
C .  0 4 6  
0 . 1 1 9  
0 . 1 5 9  
0.210
E X ® .  H . L  
CM
4 5 . 5 0 0  
4 7 . 1 0 0  
4 9 . 6  00
5 0 . 8 0 0  
5 4 . 4 0 0
T h ”  . H  . L  
CM
46 . 600 
46 .4 09 
5 4  . 1 30 
5 5 . 1 4 0  
6 4 . 3 5 2
CONO . 
CM/SEC
1 3 . 4 5 2  
1 2 .  3 7 9  
1 O . 9 6 1  
1 0 . 3 4 . 4  
9 . 3 5 3
C . C C N C  C . h  . L
0. 0 
- 0 . 0 8 0  
-0.19= 
- 0 . 2 3  1 
- 0 . 3  05
•0.000 
0 . 0 2 9  
0 . 0 9 1  
0 .144 
0 . 1 5 3
RN
4 ® . 6 3 2  
4 9.632 
4 9. 6 3 2  
49.6 32 
49 . 632
*********************** A
C ( V, ) 0 ( A )  A .  F ® 4  C .  ~ X P  .  F . L .  T F = . H . L .
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I V *  *  *
CC - i O,
TABL£'4.:j ' lCüNTl\]ÜEDy' SLUG DRIFT-FLUX MODEL
C C/ ' 'TC • r* / C t f
• ,
>:f 2 " _ '
1 . 1 i'
13' 1 . ■ j )
-Ç ' i ' ' C  ^3 : %3 . S 4 /■ .
C "'/zee
fC c . c c \ c C.H.L
0 . 0 0 . r - 0 . c c  c
0 . 0 5  \ — 0  • C T* 0  . 0  ^ 7
c . 1 5 3 - 0  . CO 3 c . i  < 8
c . 1 7 2 — c • 2/ r 1" 0  . 2  2 2
c . 2 3 0 - 3 c  6 c • 2 7 3
' ^1
31. c 0
3 3.000 
3 3 . C 1 3 
33.COO
s( J|i * 4 V A 4: \t A •S sr^jjr.-tis-îlîssK 4 ? :ÿ f: :: W  4 V 4
0 ( -A ) 0(4) A . F 9 .4 C . 5 .<3 . H .L . 7 F 3 . H . L . C O M O  .
C C / S F C CC/S EC CM CM C M / S 5 C
13 2 . * 0 A 
1 2 2 . ^' 0 4 
13 C , Û 0 6 
15' . Û 0 Û 
12 2 . 4 0 4
0 . 0 
f 4 . g= 0 
12 9.45'' 
19 4. EE : 
26 5.57:
0 . 0  
0 . 09 3 
C . 1 4 4 
0 . 1 9 1  
0 . 23 1
5 . 9 0 0  
5 . 350
7 . 0 0 0  
P . 4 0 0
3 . 0 0 0
C .900 
= .856 
5. 9 3 0  
6. 6 6 0  
9 . n
2 9 . 9 4 4  
15.70 1 
13 . 5 1 9  
1 0 . 7^:0 
•=.33 7
Û, F«= ÛC . 0 .CCND C .H .L . = M
0 . 0 
0 . 0 ^ 5
0 . 14A
C. 191 
0. 231
0 . 0 
- C . 354 
- C .329 
- 0 . 6 2 9  
- C .56 C
-0 . 0 0 0  
- 0 . 0 6 3  
- 0 . 1 3 3  
- 0 . 1 3 3  
0 .055
1 6 . 1 5 9
1 6 . 1 5 9
1 5 . 1 5 9
1 6 . 1 5 9
1 6 . 1 5 9
******)!:*** -f
C( 'A 1 0(4) A .F 9 4 C . 5 X P . H . l_ . T F Ü . H . L . C O NO .
C C / S F C CC/S EC CM CM C'f/S'ZC
1 3 2 . 4 0 4  
^ 1 3 2 , 406 
" 1 3 2 .404 
" 1 3 2 . 4 0 4  
" 1 3 2 . 4 0 4
0 . 0 
3 4 . 6 4 0  
1 0 6 . 6 0 7  
1 7 3 . 2 0 0  
2 3 0 . 9 3 3
0 . 0  
0 .073 
0.181 
0 .24 3 
0.26 1
’ 3.6 0 0 
1 5 . 4 0 0  
2 0 . 1 0 0  
2 c . 0  0 0  
3 1. 5 0 0
9 . 600 
1 C .2 = 5 
1 1 . 3 2 9  
1 5 . 5 9 7  
2 1 . 3 7 5
2 3 . 2 2 5  
-1 7. 3 7 6 
- 1 9 . 1 4 3  
- 1 5 . 3 0 1  
— 12.0 36
4 . PC AC . 2 . C C N 3 C .H .L . PM
0. C 
O.C73 
0.181 
C . 243 
C. P 91
0 . 0 
- 1 . 7 4 9  
- 1 . 9 2 4  
- 1 . 6 3 9  
- 1 .= 20
-G . 0 0 0
- 0 . 3 3 4
—0 .436 — 
- C . 400 
—0 .321 —
1 5 . 1 5 9
1 6 . 1 5 9  
15. 159
15.159
15.159
‘*4
180
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TABLE 4 . 6
AIR-WATER FLOW DATA FOR 4.3 6 CM POROUS MEDIA
HOMOGENEOUS MODEL
-'^ CSITY = 0.50P S H A P E  FA! 1.3c
0(A)
ce/ S E C
1 2 2 . 4 0 4
1 3 2 . 4 0 4  
13 2 , 4 0 4
1 3 2 . 4 0 4  
13 2 . 4 0 4
A. F R AC.
0.0 
0 . 3 3 4  
0 . 4 6 3  
0 , 575 
0 . 6 5 3
'H:
C( V» ) 
C C / S E C
I a q ,  14 a
1 8 9 . 1 4 8
1 8 9 . 1 4 8
1 8 9 . 1 4 8
1 8 9 . 1 4 8
A . F R A C
0.0 
0 . 251 
0, 43 8  
0, 534 
0. 584
0(A) 
C C / S  EC
0. 0 
6 6.303 
1 0 0 . 6 9 3  
178.97 3 
24 9 . 6 9 6
O . C C N D
0 . 0 
8. 507 
■2 . C97 
•1.882 
•1.753
0(A)
C C / S E C
0.0 
6 3 . 5 0 7  
1 4 7 . 2 2 0  
2 1 6 . 5 0 0  
265 . 573
C . C C N O
0.0 
3 . 0 0 7  
- 3 . 9 2 4  
-3 . C68 
- 2 . 6 2 3
0( W) 
C C / S E C
Q( A ) 
C C / S E C
« 3 6 , 9 7 3
2 2 6 . 9 7 8  
« 2 6 . 9 7 2
2 2 6 . 9 7 8  
226 .978
0.0 
7 2 . 1 6 7  
1 2 9 . 9 0 0  
209. 28 3 
2 6 5 . 5 7 3
A.^RAC
0 . 0 
C .334 
C . 453 
C. 575 
0.6 = 3
C .H .L
- C . O O O  
1 9 . 7 3 4  
2 .220 
1.100 
C . 166
A . F R A C
0 . 0 
0. 251 
C .438 
0 . 534 
0 . 5 6 4
C .H.L .
—0.000 
- 5 . 7 6 5  
3 . 3 5  1 
1 .550 
0 . 431
A .FRAC
0.0
0.241
0.364 
C .480 
0. 5 3 9
CXP. H . L  
CM
1 . 5 0 0  
- 0 . 3 0 0  
- 2 . 5 0 0  
- 4 . 0 0 0  
- 5 . 7 5 0
RN
6 5 . 7 7 1  
85 . 7 7  3 
5 5 . 7 7 3  
85 .-'ES 
5 5 . 7 7  3
E X P . H.L 
CM
2 . 7 0 0  
0.90 0 
- 1 . 7 0 0  
—  2.8 00 
- 4 . 0 0 0
RN
1 2 2 . 5 3 4  
1 2 2 . = 3 4
1 2 2 . 5 3 4
1 2 2 . 5 3 4
1 2 2 . 5 3 4
EXP, H.L 
CM
3 . 8 5 0  
1 .900 
0 . 5 0 0  
— 1 .500 
-1 .750
T H E .  H.L. C O N D  .
CM C M / S E C
1 . ECO 
•6 .220 
■8 .050 
■ E .399 
•6 .707
114.j52 
- 8 6 2 . 9 7 3  
- 126.1 1 2 
- 1 0 1 . 3 7 6
- 8 6 . 5 4 0
T H E . H . L  
CM
2.700 
- 4. 2 8 5 
- 7 . 3 9 6  
-7 . 139 
- 5  .926
CONO.
C M / S E C
9 1 .232 
3 65.5 39 
■257. 6 7 6  
-138. 6 6 9  
■1 48. 04 5
T H E . H . L .  C O N O .
CM C M / 3 E C
3 . 850 
■5.703 
■6 .2 06 
•6.623 
•5 .433
7 6 . 7 7 7  
2 0 5 . 0 3 9  
9 2 9 . 3 1 3  
-378. 7 6 0  
— 3 6 6 . 5 A 0
181
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TABLE 4.6 (CONTINUED) HOMOGENEOUS MODEL
* , ic . C . CC .H.L
0 . ? . -C . O O O 1 -i- . c 4 0
0 . ? A 1 1 .e-'i - 2 . 94 Ç 14 7.040
C . 364 1 1 . 107 - 1 3 . 4 1 3 14 . 14 0
0 . 4 9 0 -5 .= 3 = 3 . 4 1 5 14"'. 040
0. 539 — 5 . 77 4 2.104 1 4 7 . C4 0
O ( ’« ) 
C C / S E C
0(A)
C C / S E C
A.FF4C HX°. H.L, 
CM
THE .H.L 
CM
COMO . 
C M / 3 E C
2 8 3 . 7 2 2 C. 0 0 . 0 4 . 300 4 .300
233 . 72 2 6 4 . 9 5 0 0.156 3 . 6 0 0 -0 . 6 7 5
2 3 3 . 7 2 2 1 37 . 1 1 7 0 . 3 2 6 2 . 3 0 0 -3 . 1 2 0
293. 72 2 2 1 6 . 5 0 0 0 .4.3 3 ] .700 -3. 433
2 8 3 . 7 2 2 2 8 1 . 45C 0.498 0 .0 - 2 . 3 7 2
55, 
1 26 , 
225, 
S’ 0. 
0 ,
920 
131 
2 OS 
622 
0
A . FR AC
0 . 0 
0 . 156 
0 . 326 
0 . 4 3 3  
0.490
C ( V,) 
C C / S E C
3 7 8 . 2 9 6
578.296
3 7 8 . 2 9 6
3 7 8 . 2 9 6
3 7 8 . 2 9 6
A .FR AC,
0.0 
0 . 160 
0 . 27 6 
C. 364 
0. 433
C.CCND
0 . 0 
0.465 
1 . 77 3 
9. 3 3 0  
O . 0
0(4)
C C / S E C
0.0 
72. 167 
14 6.322 
2 1 6 . 5 0 0  
258. 66''
D. C C N O
0.0 
0 . 5 7 4  
1 . 1 99 
2 . 5 0 4  
4 .50 1
C .H .L
- C . O O O  
-1.18 8 
- 2 . 3 5 -  
-5 . 902 
- 2 . 3 7 2
RN
1 3 3 . 3 0 0  
1 3 3 . 8 0 0
1 3 3 . 3 0 0  
133.8 C 0 
1 33 .800
A .FRAC
0 . 0 
0.1 6C 
C . 27 6 
0.36 4 
0 . 4 3 3
C .H .L
- 0.000 
- 0 . 5 4 9  
- 0 . 9 2 4  
—0.978 
- 0.481
XP. H.L 
CM
7 , 8 0 0  
5. 900 
4. 90 0 
3 .500 
2 . 5 0 0
THE .H.L 
CM
7 .800 
2 . 664 
C .371
0 .076
1 . 297
C 3MD . 
C M / S E C
63.161 
99. 4-30 
138.901 
2 2 1 . 3 1 4  
3 4 7 . 4 3 2
R N
2 4 5 . 0 6 7  
2 4 5 . 0 6 7  
245 .067
2 4 5 . 0 6 7  
24 5  . 067
0 (V») 0 ( A ) A . F R A C . = X P . H.L. T H = . H . L . C C M D  .
C C / S E C CC/S EC CM CM C M / 3 E C
« 1 3 . 646 
<^33.646 
€ 3 3 . 6 4 6  
€ 3 3 . 6 4 6  
€ 3 3 . 6 4 6
0 . 0 
6 9 . 2 = 0  
144 . 333 
2 09 . 2 = 3  
3 1 7 . 5 3 3
0 . 0 
0 .099 
C . 1 3 6 
0 . 248 
0.33 4
1 4 . 0 0 0
1 3 . 0 0 0
1 1 . 5 0 0  
1 1 . 1 0 0
1 0 . 5 0 0
1 4 . 0 0 0  
1 1 . 6 8 3  
1 C .63P 
1 C.734 
1 2 . 5 6 7
55. 542 
70.41 7 
68.101 
9 = .a JÔ 
1 1 7 . 9 7 3
A . PR AC . 9 . C C MÛ C .H.L. RM
1 R7
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Table 4.6 (c o n t i n u e d) h omo g e n e ou s -model
0 . C 5 -
0 . 1 => 4
0.24 = 
C . 334
C. 0 
0.19 = 
0 . A A •= 
0. 57 = 
3.001
■ C . O O O  
■ : . 1 0 I 
• C . ) 7  J  
■0 . 0  3 3  
0 . 1 9 7
•AI 0.437 
< 1 0 .  A ■0 •’ 
4 1 , Ac. 7
A 1 ) . <•.. 7 7  
4  1 0 . 4 3 7
/
O ( '* ) 
C C / S E C
1 2 2 . 4 0 4
1 2 2 . 4 0 4  
132,40 4
1 2 2 . 4 0 4
A .FR AC
0 . 0 
0 . 33 3  
0 . =22 
0 . 62 1
Q ( A J 
C C / S 5 C
0 . 0 
7 2 . 1 6 7  
1 44 .33 2 
2 1 6 . 5 0 0
D . C C N O
0.0 
•0.915 
• 0 . R83 
0 . 9 3 2
A .FRAC
0 . 0 
0 . 3 5 3  
0 . 522 
0.621
C .H.L .
• 0.00  0 
0 . 38 7 
0 . 3 2 1 
C . 450
J X P  . H . L  
CM
1 . 4 0 0  
7 . 5 0 0  
1 0 . 7 5  0 
13.000
RN
3 5.77.3 
- 8 5 . 7 7 3  
- 3 5 . 7 7 3  
- 3 5 . 7 7 3
T H  5 . H . L  
CM
1 . 400 
1 0 . 4 0 4  
14.201 
1 3 . = 5 3
r O N D  . 
CM/ôEC
1 2 3 . 1 5 3  
1 0. 4 5 9  
1.445 
8. 4 2 4
Q( W ) 
C C / S E C
2 2 6 . 9 7 8  
‘2 2 6 . 9 7  8 
■226 . 978
A , FR AC .
0.0 
C. 241 
0 . 3 8 9
0( A ) 
C C / S  EC
0 . 0 
7 2 .  167 
1 4 4 . 3 3 3
D .CCND
O . 0 
■0.72C 
■ 0 . 9 0 4
A .FRAC
0. 0 
0 . 241 
0 . 3 8 9
D . H . L  .
- 0.000 
0 . 4 7 2  
0 .300
EX P .  H.L 
CM
3 . 7 0 0
9 . 0 0 0
1 4 . 0 0 0
RN
1 4 7 . 0 4  0 
■1 47. 0 4 0  
■1 47, 04 0
T K ” . H . L . 
CM
3 .700 
1 3 .246 
1 8 . 1 9 5
CO ID . 
C M / 5 EC
7 9 . 3 9 0  
22. 4 0 1  
7 . 6 3 8
!V * *
183
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Table 4.5 (c o n t i n u e d) bubble d r i f t-flux model
V
riî .-X 4< *  a JT 4 4 4 4 4 *  4 4  4  4  Xs 7  7  4 4  V  !
C ( u ) 
C C / S E C
172.40 4 
12 2.4)4 
12 2 . Û c A 
1 2 2 . A 0 4
132.4 C 4
4 .FR AC.
C . C 
0.122 
0 . 1 5 0  
C. 21 6 
0 . 272
0(A)
C C / 5 3 C
0 . 0 
2 0,35:
1 0R.2CP 
171.5-'-;
2 4 5.290
C . C'-NO
) . )
■0.751 
•0 .7 = 1 
•C . SO 1
. 0 . 1 2 R
t .FRAC
0 . 1 2 2  
C . 150 
C . 2 1 Ô 
0 . 27 3
C ,H .L
-  C . 0 0 c
13.121 
1 .31 J 
1 . 0 0 c
0 . 7 7 2
X3 . H.L 
CM
1 . 5 0 0  
- 0.300 
- 2 . 3 0 0  
— 4 , 0 0 0  
-3. 75 0
T H e . H , L. 
CV
1 . FOO 
- 4 .24 2 
- 5 . 7 2  3 
- 5 . 0 0  1 
• 10.15’
ca o .
C V / S 3 C
1 1 4 . 0 3 2  
2 7 . 3  05 
2 = . Ô 1 5 
2 2 . 5 0 2  
19.370
R N
5 5 . 7 - 3
S 3 . 7 3
5 5  . 7 7  j
5 5.'
2 5.
C( 'A ) 
C C / S E C
l3<3. 148 
1 = 9 . 1 4 8  
1 89.14 6
1 8 9 . 1 4 8
1 8 9 . 1 4 8
4 . FP A C .
C . C 
0. 124 
0 . 1 9 9  
0. 2E2 
0 - 2 8 0
0(A ) 
C C / S E C
0 . 0 
5 3.507 
14 7,220 
2 1 4- . = 0 O 
265 . = 7 3
D . C C N O
0 .0 
•0.541 
■0. 597 
• 0 . 7 4 7  
•0.7:3
■9 AC
0 . 0 
0 .124 
0 . 1 9 9  
0 . 2 5 2  
0 . 2 3 9
C ,H .L
•0 .00 0 
•4 .340 
2 .41 2 
1 .740 
I . 22 =
2 X R . H.L 
CM
2 .700 
0 . 9 0 0  
- 1 . 7 0  0 
- 2 . 5 0  0 
- 4.000
: M
122 .034 
1 2 2 . 5 3 4  
1 2 2 . 5 1 4  
1 2 2 . 5 3 4 
1 22.5 3 4
THE ,H .L 
CM
2 . 7C0 
- 2 . 0 0 5  
- 5.=0  0 
- 7 . 6 7 1
- a . 913
C T N O  . 
C M / 2 d C
91. 2 32 
3 2 . 7 5  0 
2 7,6 73 
2 3 . 1 0 3  
21 . 3 9  9
'7*
0 ( ) 
C C / S E C
2 2 c . 975
7 2 6 . 0 7 8
52 F .975
5 2 6 . R7£ 
75=.978
0 ( -i ) 
C C / S E C
0 . 0 
- 3 . 1 5 '  
1 3 -P . 9 0 0 
20R.2=3-jAt- . =-7 T:
A . F P A C
C . 0 
0.122 
C . 136 
C . 247 
0,26. P.
= X R . H.L 
CM
2 . 5 E 0 
1 . 9 0 0  
0 .500 
- 1 . 5 0 0  
- 1 . 7 5 0
T H E  .H .L 
CM
2 . 5E0 
- 1 . 9=4 
- 2 . 5 4 3  
- 5 . 7 9 =  
-7 .OCl
* A 4 # X: X: =X —i: Xt *
C.OND . 
C M / J i C
76.77-7 
32. J Hi 
2 5.'43 I 
2 5.27;
21.’2 2
184
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Table 4.6 (continued) bubble drift-flux MODEL
A . == AT . C \ 1 : .H.L .
n
''. - 
c . r r • ’
•J , 15 =
0 , 5 -+ =
O . 2F P
— « • . 
- 0 . 7 1 7
2 1 ■-< 7
2 . C = 2
3 . D 2
' * ■* X a i 5i Xt X *  'S' X X ' A  xs ç 71 X X X * * V  n w  r: *  is Xs Xc il >: X X X «  » X> •* »|i X * A à  xi .« üi Xi
A . F R A C .G ( VI > 
C C / S F C
2 0 2 . 7 2 2
2 5 2 . 7 2 2  
2=2 . =22
2 3 2 . 7 2 2
â .pc-AC .
C , 0 
0 . 1 2 0  
0.1 = 9 
0.249
0.204
O ( A )
: c / s r c
O . 0 
c Û , Ç 8. 0 
.127 .117 
215.200 
231.4 =
O .CCNÜ
0 . c
■0 . -2’ O 
•C . r-2 2 
• C . 9 2
.0.-25
C . 0 
C . 1 20 
C . 1 b 9 
C .249 
c. 794
C . H .L
•C.OOO 
-1 . iC7 
-2.50 3 
•9.155 
•7.10 2
;X7 . H.L 
CM
4 . 3 0 0  
2 . 5 :  0 
2.30 0 
0 . 7 0 0  
0. 0
T f-7 ,H .L 
CM
CO.-ID . 
C M / S  2C
4 . 200
-  1 . 1 c -
- 2 . 5 = =  
- 5  .709 
- 7 . 1 0 3
0 9 . 9 2 3  
2 6 . >39 
29. -j 79
2 5.400 
2 3 . 2 3 0
= N
13 2 . 30 0 
1 3 2 . = C ) 
: .= 3 . 3 00 
12 2 . =0 0 
1 = 3 . 3 0 0
'lXXiXtjJ<Xî.iXXX>;:X;XX!*S:XX-XX:5rX:!lXXX»-7>i'Xi-S'.l+7»«X'7s'«XI*5(lX|:'tXAXX:^XiXXiXtX*“ -XX«=)lX«-KVllXs
0 ( W ) 0(A )
C C / S E C
A . ■= 9 4 C . S X O . H . L  
CM
T H E  .H .L 
CM
CON 0 . 
C M / S  EC
3 7 s . 295 
378 . 296 
3 7 8 . 2 9 6  
3 7 8 . 5 9 6  
378 . 296
A . PP AC
C . 0 
0 . 1 1 7  
0 . 1 8 4  
C. 238 
0 . 2 8 5
X X X X
Q ( ’a )
C C / S E C
€ 1 2 . 5 A. 5 
€35.4 45 €32.546
537.445
€ 3 2 . 6 4 5
A.«RAC
0.0 
7 2 . 1 5 7
1 4 4 . 3 = 2  
5 1 c . E C O  
2 8 0 . 5 6 7
C .CCNO
C . C 
0 . 357 
• C . A 7 C 
■0.513 
•C.559
C ( A ) 
C C / S E C
C. 0 
6 9 . 3 5 0  
14 4.327 
2 0 9 . 2 = 2
C .C C N O
C . 0 
0 . 1 1 7  
0 . 1 8 4  
0 . 3 2 8  
0 . 265
C ,H .L
7 . 8 0 0
3 . 9 0 0
4 , 3 C 0 
3 . 5 0 0
5 .500
PM
— C .000 54 5 . C 6 =
-C . 48 2 2 4 6 . CÔ7
- C . 8 0 6 5 4 5 . 0 6 7
- 1 . 1 1 9 2 4 5 . C67
- 1 . 5 7 2 2 4 5 . C57
* * * * x^ xiJtxiAXi !i -Xi * 4 Xi 1
A .PPAC . 5X7, H .1
CM
C . 0 1 -V . 0 0 0
0 . c e 5 1 3 . 0 0 0
:. 150 11 . 5 0 0
C . 1 35 1 1 . 1 C 0
C . 55 3 1 0 . 5 : 0
I H . L .
1 fl 9
7 .000 
3 .056 
C . 951 
- C . A 15 
- 1 . 4 2 3
5 3.161 
4 0 . 6 0 s  
22.4 57 
30. 4 4  3 
2 7 . 3 5 o
X X * A * X**4*“?XcxeXiVi^ *wX<
T h 5 .H.L 
CM
14,00= 
1 C.971 
9 . 1 91
6 . 2 57
7 . 262
C O M D  . 
C M / S  5 C
5 8 . 3 4 2  
46. 9 32 
42 . 3 2 1  
58. 3 36 
3 4 .03 3
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T ' a  BLù • r ‘i-r /"‘'i-iUdeIT
T X
■- r
= . 0
) c
‘ <X:* W 5!« X X >:> “ X * * X * - i- 4 X X * * X :> 4 1 > ir ^  X » .X I i !< t « :i i« X « >!t A A * » X « 4' * '> ?< X X ;X X: 4<
C ( 'A ) 
C C / S E C
13 2,404 
1 3 ? . A 04 
1 3 ? , 4 0 4  
13 2 , A04
A .FP AC .
0 . C 
0 , 0 5  5 
0.010 
0 . 074
0(A)
zc/^^r
c.  c
7 2 . 1 6 714 A. 333
5 1 6 . 5 C C
C .
1 . 476 
1.137 
.1 . ) 5 A
A .rPiC .
C .0
C. ces
C . 0 1 0 
0 .07 4.
: .h .L
■0 . ?C7 
-C.529 
■C . 529
.<■>. H.L
CM
1 . 4:0 
’ .500 
10.750 
1 3 . C 0 0
PM
: - .7 7 - 
- 35 .77 3 
-55.773 
- c i .7 ’ 3
> -  .H ,L 
r V
i . A 00 
5 . 1 9 7  
C . €54
A ,a2 -v
Cw"W . 
C M / 3 i C
12 3 . 1 5 3
— o 5.o 54
— 16. 3 o 0 
- 1 9 . 0 2 0
C ( W ) 
C C / S F C
326.976 
•226 .9 7 e 
•226 . 97 0
A . F c  AC.
C . 0 
0 . 0 8 5  
0.. 01 0
0( A )  
C C / S  FC
0. C 
7 2 . 1 6 7  
1 -V 4 . 3 3 3
C . C C N D
0 . r*
1 . 83 3 
• 1 . 2’ 5
:p A I
0 . 0 
0 . ces  
c.  010
c . H  . L
- C . O O O  
- 0 . 2 1 3  
-0 . Scc
7 H3 .H .L 
CM
3 . 7 C 0 
7 .084 
1.075
CO NO . 
C M / S I C
70,3 00 
■66.579 
•21 . 0-+2
=XP. H.L 
CM
3 . 7 0 0  
P . 000 
14.0C0
RM
1 4 7 . C4 C 
1 4 7. C4 C 
1 4 7 .040
186
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t a b l e  4.6 (CONTINUED) SLUG DRIFT-FLUX MODEL
1
■/ -
'"CR CS T7 V = 0 . 50 = 3 h A P : 1.56
X js 4 >;•. X X X a i< X X 5i X ■? « * it a X: f a it :t :t y « rt ïta-ttMXXXXtXaxcaM Xt #  Xr -t \l A A
Q ( 'A ) 0 ( ) A .F R A C . 2X.R . H.L T H F .  H.L. C O N O .
C C / S = C C C / S L C CM CM C M / b  £C
1 3 2 . 4 0 4 0. 0 0 .0 1 .50 0 1 . 500 1 1 4 . 9 5  2
1 3 2 . 4 0 Av 6'= . 39 3 C . CE2 - J . 3 0 0 - C .50 8 7 0.0 33
13 2 . 4 0 4 1 C =. « c 3 0 . C ’ 6 - 5 . 5 0 0 - . . ’ 05 1 1 1 . 3 2 0
12 2 . 4 0 4 I ’ -1. c 7 ’ C .105 — — , 0 0  0 - 2 . 3 1 2 93 . 73 .8
13 2 . 4 0 4 24 9 . 6 96 C . 1 4 0 - V .’ 5 0 - Ï . 1 3 3 1 0 0 . 4 3 7
A,FR AC c . c c h:0 RN
0 .  c
0 , C 5 £ 
C. 076 
0 . 1 0 9  
0 . 1 4 0
C . O 
• O . ? = = 
0 . 0 2 7
r . 18 =
■ C . 1 £«=
■C . C OC 
C. : Ç4 
•C .47 8
•0.4 22 
• C . 4 5 4
3 6 . 7 ’ 3 
0 :• .7 7 3 
6 =. . 7 R 2 
e 3 . 7 3 
= 7 . 7 7 3
O ( \A ) 
C C / S E C
0 ( A )
C C / S E C
A .F R A C :X" . H.L. 
CM
T H E . H . L 
CM
C O N D  . 
C V / 3 G C
1 3 9 . 1 4  Ç C. 0 0 .0 2 . 7 0 0 2 .700 9 1 . 2 3 2
1 8 9 . 1 4 9 6 3 . 5 0 7 0 . OS 1 0 . 9 0 0 C .902 6 9 . 3 2 3
189. 14 Ç 14 7. 22 C C . 097 - 1 . 7 0 0 - C . 3 5 1 7 1 . 3
1 3 9 . 1 4 8 21 6. 5 00 0 . 1 2 3 - 2 . 8 0 0 -1 . 04 = 6 C. 9 7 3
1 0 9 . 1 4 9 2 6 5 . 5 7  3 C . 149 - 4 . 0 0 0 - 1 . 4 3 4 6 2 . 7 4 9
A . F R  AC C . C C N D C .H .L RN
0.0 
0 . 0 5 1  
0 . 0 9 7  
0 . 1 2 6  
= . 1 40
C . 0 
0. 251 
0.21 = 
■0.22  2 
0 . 3 1 2
-0 .000 
0 .00 2 
-C . 79 4 
- 0 . 6 2 5  
- C .641
1 : 2 . 5 2 4
1 2 2 . 5 3 4
1 2 3 . 5 3 4
1 2 2 . 5 3 4
1 2 2 . 5  34
G ( a ) 
C C / S E C
0(4) 
CC/S EC
A . F R A C .  5 X R . H . L .  T H E . H . L .  C J N O .
CM CM C M / S 2 C
2 2 6  .978 
226 . 978 
2 2 6 . CRP 
2 2 6 . 9’ 8 
2 2 6 . 9 ’ E
= . C 
7 :. 16 7 
12 5.900 
20 = . 2 = 3 
2 6 5.57’
C . 0 
C . C5 6 
0 . 0 6 8  
C . 1 2 5 
0 . 1 4 9
3 . 65 0 
1 . 9 0 0  
) . 5 0 0
• 1 .50 =
• . .’ 50
2 . 850 
2 . OFF 
1 . 244 
C . 6 c -3 
C . 400
7 « . 7 7 7  
60. -+71 
5 3 . 7 3 5  
5 6 . 3 2  2 
4 7, u 3  .3
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table 4.6 (CONTINUED) SLUG DRIFT-FLUX MODEL
A, -r ir , . c I r- . t_
»7 r»
r J:
n V 2 f .
C {'J Ç J
X X XXAXXAArtXaXA-itAataaaA-iaA^-lt» A * X( », A * X: A A * a X * a « * A A * X: A < A A
C ( A > 0 ( - ) A .F = AC . 3X“> . F.L. T h e  .H ,L . CO ID.
C C / S E  c C C / S c C CM CM CM/-itiC
2 0 3 . - 2 2  
2P2 . ’2 2
2 8 3 . 7 2 2  
2 E 3 .722
2 9 3 . 7 2 2
0 , 0 
6 4 . 9  50 
13 7 . 1 1 ?  
21 = . 5 0  J 
2 8 1 ..<450
0 . 0 
0. C51 
Û .09 2 
0 . 1 29 
C . 155
4 .300 
3 . 6 0 0  
2 . 3 0 0 
0 . 7 0 0
5 . 0
A . 30 = 
2 . =7 6
1 . 4 9  ?.
C . 7 2 0 
C . 2 6 4
5 5 . 0  23 
5 3 . 5o8 
5 1 . 4 1 5  
A 8 , 6 6 7  
p  A- ,  ' j  1 xA
A . FR AC . C ,CC NO C .L . P M
r . r 
0 . 0 = 1  
0 . C92 
0 . 1 29 
0 . 1 5 5
C . 0 
- 0 . 3 1 =  
- C . 4 0 2  
- C .4 31
-C . 48 1
-C .COO 
-C  . 25 5 
- 0 . 3 = 1  
0 .029 
0. 2 64
1 -3.3 . 8 0 0 
13 3 . 5 0 0  
18 3 . 5 0 0  
15 0 . 3 0 0  
1 5 3 . 3 0 0
****rt.* * * * * * * * * *  * * * * * * * * — * * a sj *
0 ( A) Cl { A ) A .F9AC . 3 X P . H . L . T F ?  .H .L . C O M 3 .
C C / F F C C C / S  EC CM CM C M / b d C
3 7 £ .2 Ç 6
3 7 0 . 2 9 6  
37 8 . 2 9 6
3 7 8 . 2 9 6
3 7 6 . 2 9 6
0.0 
•’ 2 . 1 c ’ 
1* 4 . 3 3 .: 
21 6. 5C C 
2 8 9 . 6 6 7
0 . 0  
C .053 
C . 093 
C . 127 
0 . 15 6
7 . 3 0 0
3.9C0r
4 . 9 0 0
3 . 5 0 0
3 . 5 0 0
- . 500 
6 . 4*1 
5 . 8 0 3  
5 . 5C 8 
5 . A 29
6 3 . 1 5 1  
= 6 . 3 2 0  
4 9 . 8  06
4 8 . 0 3  2 
4 5 . 5 1 6
4 . FC AC. C . C C M C C . F . L. . R N
0. C 
0 . 0 5 3  
0 . C93 
0 . 1 2 ’ 
0 . 1 5 6
0 .0 
- 0 . 1 0 9  
- 0 . 2 1 0  
- 0 . 2 4 0  
- 0 . 2 7 9
-C . CGC 
C .092 
0 . 1 3 4  
0 .574 
1 . 1 7 2
2 4 5  . C67 
24 5.0 57 
2 4 -3 . C 5 7 
2 4 3 . 0 = 7  
2 4 5 . C 57
: XX * * X  * * * * *  X * * * * X * * * X * X X * XXXsAaAA-c A ■*')!***:** * * * * * * * * * * * *  **T:*
0 ( >.) 0 ( A ) A . F C A C . • 3 X P . H . L . T H E  .H.L . CC N D .
C C / 6 = C C C / S E C CM CM C M / Ô 2 C
c 3 3 .64 6 
6 3 3 . 6 4 F 
€ 3 3 . 6 4 6  
6 3 3  . S'» 6 
6 3 3 . 6 4 6
0 .c
6 9 . 2 8 0  
14 4 . 333 
20 c . 283 
3 1 7 . £ 3 3
C . 0 
0 . 0 4  =
C . 06 =
0 . 1 1 4
0 . 1 5 6
1 4 . 0 0 0  
13.001) 
1 1 . 5 0 0  
1 1 . 1 0 0  
1 ;. 5 0 0
1 4 . 0 0 0  
1 3 . 1 1 8  
1 2 . 6 8 0  
1 2 . 555 
1 2 . 694
5 8 . )h 2 
= 3 . 6 3 0  
= 1 . 6 ^ 6  
4 8 . 0 = 3  
A = . 84-2
A . F k AC. C . C C ► J C C .F.L . P N
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table 4 . 6 (CONTINUED) SLUG DRIFT FLUX MODEL
c. c -C . C 0 C « : ■>. 4 ^  ’ -1
C . C •: . ? - r .  C F  r . c c V - i 1 . 4 P 7
C . C ’ = - C . I 2 = C . 1 0 3 •4 1.). •-< 1 7
C . 1 I A -0.106 0 . 1 3 : 4 .1 ) . 4 ’
C . 1=6 - r . ?fr C . 2 J 9 A 1 .) . 4 7 y
* * * * * * * * * * *  X, A -< •< Ï8 à X; * is Jt Xt a * Jf8 -S * * * * Tt * * « * * * J ; a F- xt *î t!
C ( V ) O ( * ) A . F 9 AC . E X ’ . H . L .  T H F , H.L. C O N O  .
cr/£=c C C / S ” C C M C M CM/o -:c
3.3 2 . A c 4 0 . 0 0 . 0 1 .<400 l.ACO 12 3 . 1 = 3
-13 2.404 7 2 . 1 6 7 C. C6 5 ’ .5 00  s . 324 -45. .2 71
-13 2 . 4 0 4 1 4 4 . 0 7 = 0 . 1 1 3 1 0 . 7 5 0  6 . 1 2 5 - 3 6 . 3 1 7
- 1 3  2 . 4 0 4 21 ■=•. 60C 0 . 1 4 9 1 i . 0 0 0 0 . 3 3 7 -3 4 . 1 3 2
A . FP AC C.CC NO C .H.L. = M
0 . C C . 0 - 0 . 0 0 0 0 5 . 7 7 :
0 . C 6 Ç - 1 . 3 6 4 -C . 423 - 3 5 . 7 7 1
0 . 1 1 3 - 1 . 2 9 5 - C . 430 - 3 5 . 7 7 3
C. 149 - 1 . 2 7 7 -C . 320 -5 5 . 7 ’ 3
* X X * * * a a a * à y. * y- * * * * f. X: * a * a V * . : * a a :? X: t '( * * * * * Xf c >'-. X. Xi * .t * * * * A a * 8 « a * a* xs «
C ( '.•■ ) 
C C / S E C
0 ( A )  
C C / 5  £C
:XR . H.L 
CM
T HE .F.L
CM
C JND . 
CM/bdc
2 2 6 . 9 7 0  
■22 6 . « 7 P  
• 2 2 6 . 9 7 0
0. C 
7S. 167 
14 4 . 3 3 ’
:. 0 
C . CP7 
C . 137
3 . 7 0 0
4 . 0 0 0
1 4 . 0 0 0
3 . 7 0 0  
7 . 133 
c . 635
7 9.6 90 
•67.397 
•4 4.0 5ei
A . PR  AC . C . C C N C C . F .L RN
0 . C 0 . 0 - C . O O O 14 7 . 0 4 0
0 . 0 4 7 -1.04-4 - C . 2C 7 -14 7..) 4 0
0 . 1 3 7 - 1 . 6 5 1 - 0 .303 — 1 b 7 . 040
*’*«;;«****** *******.■,ta is *s;*x|îâ*
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TABLE 4.7
SLOW ACCELERATION FLOW DATA FOR 1.59 CM POROUS MEDIA
CA = î * 5 9  CM S H A P â  F AC T O R  = 1.5
S T E A C Y  FLOVi E Q U A T I O N  :
C R A D . / V E L .  = O . O C 5 c 2  + 0 . 0 1 9 1 1  V E L .
T I M E PF E  . R CRE . F VE L  . R VE L  .
SE C M V CM V C M / S E C
0 . 0 4 . OOC 11 .14 1 C . 2 2 5 9. i 33
0 .500 9 . 4 5 0 3 J .C 9 1 C .3 7 0 15.2 17
1 .000 1 4 . 6 5 0 5 0 . 1 2 6 C .475 1 9 . 4 0 5
1 . 5C0 2 C .50 C 7 1.540 C . 39 : 2 3 . 9 9 2
2 .000 2 5. SO C 89 ,£4.2 C .650 2 6 . 3 6 6
2 . 5 0 0 30  .700 1 0 8 . 6 7 7 0 . 7 0 5 2 8 ,5 79
3 . 0 CO 3 6 . COC 1 2 6 . 2 7 8 0 . 7 5 5 3 0. 3 74.
RE. T I M E FN ACC.
C M / S n C . S E C
CC VMC
8 0 . 6 5 1 8 0 . 6 5 1 11 .568 3 .7 31 -5 .4 1 8
130 . 1 02 13 0 . 1 0 2 9 . 9 7 2 3 .59 4 — 6 .9 89
1 6 5 . 9  11 16 5.911 6 . 7 7 5 3 . 5 4 5 -11 .63 1
2 C 5 .131 2 0 5 . 1 3 1 6 . 9 6 0 3 . 5 1 2 - 3 6 . 952
3 2 5 . 5 9 3 225. 593 4 . 5 6 7 3 . 4 9 9 -4 7 . 931
2 4 4 . 3 5 1 2 4 4 . 3 5 1 4 . 188 3 . 489 — 3 9 .2 2 7
2 6 1 . 4 0 2 26 1 .402 3 .989 3 . 4 9 1 -22 . 6 8 0
T E S T  T I M E  = 2 . 5 0  S E C
T I M E P F E  . R P R E  . F VEL . R V E L .
S E C MV CM V C M / S E C
0 .0 4 . 0 0 0 1 1 . 1 4  1 0. 230 9 . 6 3 2
0 .500 a . 50 0 2 7 . 6 1 4 0 . 3 40 1 4 . 0 2 0
1 . 0 0 0 15.00 0 51 .407 0 . 4 6 5 I 9 . 0 0 6
1 .500 2 1. 300 7 4 . 4 6 6 0 . 530 2 2 . 3 9 7
2 . 0 0 0 2 7 . 5 0 0 9 7 . 1 6 3 0,. 67 5 2 7.3 33
2 . 5 0 0 3 3 . 8 0 0 1 2 0 . 2 2 4 0 .725 2 9 . 3 7 7
3 .000 3 9 . 5 0 0 14 I . C 69 0. 7 7 0 3 1 , 1 7 2
RE. T I M E RN ACC .
C M / £ E C . S d C
6 2 , 2 5 6  8 2 . 3 5 6
CD VMC
6 . 7 7 5  3 . 7 2 3  - 6 . 5 0 1
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ÏSBTE U'KD )'
1 1 9 , £ 71 1 1 9 9’ 1 9 ,374 617. , 5 74
16 2 01 1 6 2 50 1 c ,377 5 4 ■; _ 2 ,1 4 3
1 91 ,4 = 9 1 91 , 4 8 9 I , 777 3 5.2 2 7 , Î J 1
34 , 1 1 9 2 3 Ù 119 . 93 0 4 9 t. . I 6-
5 J 171 25 I 1 7 1 . 769 4 ÛÔ -1 1 , 311
26 6 .c 1 6 26 £ . 5 1 £ . 5 9 0 3 4 7 T 27 ,2
T E S T  T I M E  = 3 . 3 0  S E C
T I M E
SEC
P F E  . P 
M V
PF E .
CM
V EL . R 
V
VEL . 
C M / S E C
0 .0 
c . s c o  
1 .000
1 .500
2 . OCO 
2 .500
4 . 0 0 0
1 c . eoo
1 7 . 5 0  0 
2 4 . 4 5 0  
3 1. 0 0 0  
3 7 . 2 5 0
1 1 . 1 4 1
3 6 . 0 3 3  
6 0 . 5 5 6  
6 5 . 9 9 9  
10 9 . 9 7 5  
132 . £53
0 . 2 2 5  
0 . 3 1 0  
0. 445 
0 . 600 
0 . 5 7 5  
C . 720
9. 4 33 
1 2 . 8 2 4  
18 . 203 
24 .3 31 
27.3 33 
2 9 . 1 7 5
RE. T I M E FN ACC.
C M / S E C . S E C
CD VMC
8 0 . 6 5 1  
1 0 9 . 6 4 0  
I 55 . 6  30 
2 0 8 . 5 4 1  
234 .1 19 
2 4 9 . 4 6 6
8 0 . 6 5 1
1 0 9.64 0 
1 5 5 . 6 3 0  
2 0 8 . 5 4 1
234 . 1 1 Ç
2 4 9. 46 6
6.761 
8 . 7 7 5  
1 1 . 5 6 8  
9. 174 
4 . 7 6 7  
3 .590
3 .731 
3 . 6 3 5  
3 . 537 
3 . 5 0 9  
3 . 4 7 4  
3 . 4 3 6
- 8 . 9 7 4
3 2. 3 9 1  
2 6 . 4  76 
3 . 1 5 0  
19.931 
£ 5 . 0 2 6
T E S T  T I M E  = 3.00 S E C
*** auj,; X5*
T IME P F E  . R P R E  . F V E L  . R V E L  .
S E C M V C N V C M / S E C
0 .0 3 . 60 0 9 .677 0 . 2 1 5 9 . 034
0 . 5 0 0 5 . 450 1 6 . 4 4 9 C. 2 6 2 1 0 .929
1 .000 7 . 850 2 5 . 2 3 4 0 . 3 1 0 12 . 624.
1 .500 1 0 . 0 0  0 3 3 . 1 0 4 0 .350 14 .419
2 .000 1 2 . 1 5 0 4 0 . 9 7 4 C . 3 92 1 6 . 1 1 4
2 . 500 1 4 . 2 5 0 4 6 . 6 6 2 0 . 4 2 5 1 7 . 4  11
3 .000 1 6 . 4 0 0 5 6 . 5 3 2 0 .46 5 1 9 . 0 0 6
3 -SCO 1 8 . 5 0  0 6 4 . 2  19 0. 500 2 0.4 02
4 .000 2 0 . 4 5 0 71 .357 0 . 540 2 1 . 9  18
4 - 5  00 2 2 . 5 0 0 7 6 . 6 6 1 0 . 575 2 3 . 3  94
5 .000 2 4 . 3 5 0 £ 5 . 6 3 3 C . 60 0 24  .3 91
S . S C O 2 6 . 3 0 0 92 .77 1 0 . 6 20 2 5 . 1 8 9
6 . 0  00 2 8.20 0 9 9 . 7 2 6 0. 6 4 5 26.1 36
6 .500 3 0 . 0 0 0 10 6.315 C . 6 6 0 2 6 . 7 8 4
7 . 0 0 0 3 1 . 8 0 0 1 12 .903 0 . 6 7 5 2 7 . 3 = 3
7 . 5  CO 3 3 . 7 0  C 1 1 9 . £ 5 8 C . 7 0 0 2 9 . 3 8 0
8 .000 3 5 . 2 5 0 1 2 5 . 5 3 2 0 . 7 2 2 2 9 . 2 7 7
8 . 5 0 0 3 7. 0 0  0 1 3 1 . 9 3 8 C .750 3 0 . 3 7 4
9 . 0 0 0 3 8 . 7 5 0 13 8 . 3 4 4 C . 7 6 7 3 1 . 0 7 2
9 .500 4 0 . 5 0 0 1 4 4 . 7 5 0 0 . 77 5 3 1 . 3 7 2
1 0 . 0 0 0 4 2 . 0 0 0 150.241 0 . 787 3 1 . 3 7 0
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t a b l e  4 . 7  (C O N T IN U E D )
” C . T IMS FN A ^  C . CO V 1.C
C M / 5 c  C .SEC
7 7 , 2 4 1 7 7. 2 4 1 3 . 7 8 9 2 . 1 ^ 7 -1 8 .  C 72
9 3 . 4 4 0 9 3 . 4 4 0 3 .789 3 . 6 8 1 - 9  . 3 31
1 0 9 . 6 4 0 1 0 9 . 6 4 0 3 .490 3 .635 6.316
1 2 3 . 2 8  1 123.2 81 3. 2 9 1 3 . 6 0 6 1 9 . 6 8 2
1 3 7 , 7 7 5 1 3 7 . 7 7 5 I . 992 3 . 5 81 2 6 . 3 3 6
1 4 0 , e 5 9 148 .859 c . 892 3 . 5 6 5 4 0 . 5 6 7
1 6 2 . E C 1 1 6 2 . 5 0 1 2 . 9 9 2 3 . 5 4 7 3 6 . 8o3
1 7 4 . 4 3 7 1 7 4 . 4 3  7 2 . 9 9 2 3 . 5 3 7 3 6 . 6 9 5
1 6 8 . 0 7 9 1 8 8 . C79 2 . 9 9 2 3 . 524 1 7 . 7 0 2
2 0 0 . 0 1 5 20 0  .0 15 2 . 3 ;3 3 . 5 1 5 9 .3 17
2 0 6 . 5 4 1 2 0 6 . 5 4 1 1 .795 3 . 500 1 3 . 2 4 9
2 1 5 . 2 6 2 2 1 5 . 3 6 2 1 . 795 3 . 5 0 5 3 5 . 4 1 3
2 2 3 . 8 8 8 2 2 3 . 6 8  8 1 . 5 9 6 3 . 500 3 7 . 1 4 9
< 2 9 . 0 0 4 22 9 . 0 0 4 1.19 7 3 . 4 77 9 4 . 2 3 8
224,1 1 9 2 2 4 . 1 1 9 1 . 59c 3 .494 1 0 2 . 4 4 8
24 2 . 6 4 5 2 4 2 . 6 4  5 1 . 895 3 . 4 9 0 7 6 . 1 5 0
25 0 . 3  19 2 5 0 . 3 1 9 1.994 3 . 4 8 6 8 3 . 5 9 6
2 5 9 . 6  4 7 2 5 9 . 6 9 7 1. 7 9 5 3 . 4 8 2 2 3 . 1 5 0
2 6 5 . 6 6 6 26 5 . 6 6 c 0 . 9 9 7 3 . 4 7 9 5 3 . 1 6 4
2 6 8 . 2 2 3 26 8. 2 2 3 C . 798 3 . 4 7 8 1 8 3 . 5 5 9
2 7 2 . 4 6 6 2 7 2 . 4 8 6 C .997 3 . 4 7 6 1 74 . 1 1 3
T E S T  T I M E  = 1 0 . 4 0  ScC 
^IMeep CF O e S E P V A T I C N S  = 4 1
*'-ERAGE V I R T U A L  M A S S  C C E F F  I C I E N T  = 2 3 . 7 8 3  ( 0V  = o A L L  )
V I R T U A L  M A S S  Ç Q E F F T C 1 E N T  T E S T  C F  S I G N I F I C A N C E  :
( T - T E S T  ) =  2.32 6
^Ta n c a RD C E V I A T I C N  = 4 9 . 0 7 2
^^'=FAGA V I R T U A L  M A S S  C C E F F  I C I E N T  .= 13.41 ( C C N S I C E R E O  )
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TABLE 4.8
SLOW ACCELERATION FLOW DATA FOR 1.67 CM POROUS MEDIA
CA = 1 . 6 7  CM « H A  P c  F A C 7 J 3  =  1 . - 2 5 î  T V -  C .  '--c )
S T E A C Y  FLOVi E Q U A T I C N  :
G O A D . / V E L . = 0 . 0 1 0 1 6  + O . O I S ’ S VEL.
T IME PRE . R FRE. H VEL . R V E L  .
S E C MV CM V C M / S E C
0 . C € .500 1 6 . 5 3 4 0 . 3 5 0 1 2 . C4Ç
0 - 5 0 0 9 . 00 0 3 0 . 7 9 9 0 .4 25 1 4 . 5 4 9
1 .000 1 3 . 0 0 0 4 2 .4 01 0 , 5 0 0 1 7 . 0 4 8
1 .5 CO 16. 100 5 3 . 6 4 0 C .5 7 0 19.351
2 .000 1 9 . 1 0 0 6 4 . 5 1 7 0 . 6 2 5 2 1 . 2 1 4
2 .500 22 .700 7 7. 569 0 . 675 22 . 8 31
3 .000 2 4 . 5 0  0 6 5 . 1 3 3 0 . 7 3 0 2 4 . 7 1 n
3 .500 2 7 . 7 5 0 Ç 5 . 5 7 8 0 . 7 8 ’ 2 5 . 6 3 0
4 .000 30. 30 0 1 0 5 . 1 2 3 0 .827 2 7 . P64
4 . 5 0 0 3 3 . 1 0 0 1 1 5 . 2 7 5 0 . 6 7 5 2 9. 5 4 7
5 . 0 0 0 35. 60 C 1 2 5 . 0 6 4 0 . 9 1 0 3 0 . 7 1 3
5 .500 3 9 . 2 5 0 1 33 .947 0 . 938 3 1 .6 30
6 .000 4 0 . 6 0  0 14 3 . 1 9 2 0 . 9 6 2 3 2 . 4  53
6 .500 4 3 . 2 0 0 15 1 . 8 9 4 0 . 970 32 1 3
R E .  T I M E RN ACC . CD VMC
C M / S E C  .SEC
1 0 9 . 3 7  2 1 0 9 . 3 7 2 4. 9 9 9 3 . 2 7 1 - 2 0 . 3 8 1
1 3 2 . 0 6 2 1 3 2 . 0 6 2 4 .999 3 . 1 9 9 - 7 . 4 7 8
1 5 4 . 7 5 3 1 5 4 . 7 5  3 4 . 5 3 3 3 . 146 - 5 . 7  05
1 7 5 . 9 3 0 1 7 5 , 9 3 0 4 . 166 3 . 1 0 9 - 1 1 . 4 5 5
1 9 2 . 5 7 0 1 9 2 . 5 7 0 3 , 500 3 . 0 8 6 - 1 0 . 3 2 2
20 7  .696 20 7 , 6 9 6 3 . 5 0 0 3 .060 1 0 . 8 1 9
2 2 4 . 3 3 6 2 2 4 . 3 3 6 3 . 7 5 0 3 . 0 5 1 - 2 2 . 6 5 1
2 4 1 . 7 3 2 2 4 1 . 7 3 2 3 . 2 5 0 3 . 0 3 6 - 5 0 . 9  01
2 5 3 . 8 3 3 2 5 3 . 8 3 3 2 . 9 1 6 3 . 0 2 6 — 6 4 . 6 6 5
2 6 8 . 2 0 4 2 6 5 . 2 0 4 2 .750 3 . 0 1 6 - 9 2 . 7 7 4
2 7 8 . 7 9 2 2 7 5 . 7 9 2 2 .083 3.0 10 - 121 .6 37
2 8 7 . 1 1 2 257. 11 2 1 .750 3 .005 - 1 2 9 . 7 7 9
2 9 4 . 6 7 6 2 9 4 . 6 7 6 1.083 3. COC - 1 6 3 . 2 3 1
2 9 6 . 9 4 5 29 6 . 9 4 5 0 . 500 2 . 9 9 9 — 6 « 5 6 5
T E S T  T I M E  = 6 . 7 5  S E C
T I M E
SEC
F RE. P 
MV
P R E  . H 
C M
VEL . R 
V
VE L  . 
C M / S E C
0 . 0  A . 7 5 0  1 2 . 4 8 9
0 .SCO 1 0 . S O C  3 3 . 2 3 7
1 .000 1 5, 100 S3 .6,40
C . 300 
C . 440 
0 . 57 5
10 7
i 0 .303 
15. C4-9 
19.5 48
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4.8 T'C'üN l'Zly'ünuT'
1.5 00 
2 ,000 
2 . 5CC 
’ .000
2 1. 20 c
2 " , eo C
3 2 . 0 0 0
= a - <12 0
1 4 . 3  ce
ç e . C59 
114. U  7 
l 3 i , c 7 2
C . 6 9 0 
0 . 7 7 3  
C . = 4 3 
0 . ; 0 )
23 
•5 r-■ . cl — 
3 " . 3 '-17 
3 0 . 3  '■0
PE. T I M E FN 2C C .
C M / S E C . S d C
CD VMC
F4.2 42 
1 3 6 . 6 0 0  
1 7 7 . 4 4 3  
2 1 2 . 2 3 4  
2 2 7 . 9 2 0  
2 5 9 . 1 2 8  
2 7 5 . 7 6 7
94 . 
13 6. 
17 7 . 
2 1 2. 
22 7. 
259. 
275.
245
<00
443
234
950
128
767
9 , 
9.
C  _
3 32 
165
6e 66c 166 
4 .166 
3 . 666
. 34 3 
. 1 37 
.1 0’ 
. 06 3 
,03 4 
.0 22 
.011
•1 3 . 350 
- 3 . 1 4 0  
-9.0 02 
■2 0 , 733 
■15.4 15 
■ 1 6 . 5 ’ 2 
21. : 39
7 E S T  T I M E  = 2 . 2 5  S B C
T I M E P R E  . R P R E  . h V E L  . P. V= L  .
S E C M V C M V C M / 3 EC
0 .0 2 . 300 3 . 6 0 7 0 . 1 7 3 6 . 2 1 6
0. SCO 6 . 3 0 0 1 a .109 0 . 3 1 5 1 0 . 5 5 2
1 . 0 0 0 1 0 . 3 0 0 3 2.611 0 . 4 4 3 1 5 . 0 4 9
1 .500 1 3 . 5 0 0 4 5.301 0 . 5 3 5 18.2 15
2 . 0 0 0 17 . 9 0 0 6 0 . 1 6 6 0 .6 25 21 . 2 1  XL
2 .SC O 2 1.500 7 4 . 3 0 6 0 .70 3 23.9 51
3 .000 2 5 . 3 0 0 8 6 .99 5 0 . 7 6 3 25 .8 80
3 . 5  00 2 8 . 8 0 0 9 9 . 6 6 5 C . El 0 2 7 . 3 8 0
4 . 0 0 0 32 .30 0 1 1 2 . 3 7 5 0 . 645 28 .5 47
4 .500 3 5 . 3 8 0 1 2 3 . 5 4 1 0 . 8 6 5 2 9 . 2 1 2
5 . 0 0 0 2 9 . 2 0 0 137.7 64 c .  a go 3 0 . 0 4 7
RE. T I M E RN AC C  . CC V M C
C M / S E C . S E C
56 .423 5 6 . 4 2 8 9 . 3 3 2 3. 661 — 9 . Ô Ô 5
9 8.7 63 9 5 . 7 8 3 6. 632 3 .32 0 - 2 . 2 2 5
1 3 6 . 6 0 0 13 6  .60 0 7 . 3 3 2 3 . 1 6 7 - 6 . 4 1 1
165 .341 1 6 5 . 3 4 1 6. 166 3 .126 - 1 7 . 3 2 0
1 9 2 . 5 7 0 1 9 2 . 5 7 0 5.766 3 . 0 6 6 - 2 6 . 7 6 8
2 1 7 . 6 8 0 2 1 7 . 6 3 0 4 . 66 6 3 . 057 - 5 2 . 2 2 5
2 3 4  .9 25 2 3 4 . 9 2 5 3 .400 3.041 - 7 5 . 5 2 6
2 4 8 . 5 2 9 2 4 8 . 5  39 1.666 3 . 0 3 0 - E C , 255
2 5 9 . 1 2 8 2 5 9 . 1 2 8 1.633 3 . 022 - 6 3 . 3 4 4
2 6 5 . 1 7 8 26 5 .  178 1 . 500 3 . 0 1 3 2 6 . 9 0 0
272 .742 2 7 2 . 7 4  2 1 .666 3 .013 1 4 2 . 7 1 9
T E S T  T I M E  = 5 . 5 0  S E C
■XXtàXsXtXsX!**. **** * a a : ; à ». * a Xi à 1
T I M E
SEC
P FE . R 
MV
F R E  . h  
C M
VE L  . P 
V
V E L  . 
C M / S  EC
194
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-^■v:'otv”x~x-:TDT7i7T
0 .0 - 95C c 580 0 2 30 ,7 1 5
0 .500 c . 00 c 1 f . 39 5 C . 3 1 3 1 w .9 «2
1 .OCO 5 , = 5 0 2 c .267 Vb . 3' : 3 . ■ 5
Ï .500 I 1 3 0 3 £ .237 «- j 0 ,7 1 =
2 .00 0 1 2 60C 4 5 .3 0 1 c . 4 3 j I •S. •3 ■'C
2 .500 1 6 ,3 0 0 5 4 .36 o c . ■ ' 3 1 7 . 5 ; 2
1 .0 00 i 0 700 c 3 . 05c c .5 5’ 1 9 ,2 ’ 8
3 .50 0 2 1 C5 C 7 ], 53 7 c .c 1 0 2 C • 714
4 .000 2 3 4 0 0 3 C , 107 0 .65 0 2 ? ,3 31
4 .500 25 80 C se .e c a C ,700 c.3 ,71 4
5 .OCO 2 S 00 C g c .785 C .7 4 3 2 5 .2 14
5 .500 30 , 100 104 .396 0 .780 2 6 .3 30
6 .000 2 2 30 0 i 1 2 .375 c .815 27 .54 7
6 .500 3 4 . 50 C 1 2 C .351 c . S50 2 a . 7 13
,  I
RE. T I M E FN ACC . CO VMC
C M / É E C . S E C
79 . 1 IS 79. 118 4 . 533 3 .4 3 9 - 1 7 . 1 oO
59.691 99.691 4.499 3 . 3 1 6 -1 6.4 93
1 1 9 . 9 6 1 119. 961 3 .733 3 . 2 3 5 - 4 . 2 1 4
153 .575 1 3 3 . 5 7 5 3 . 166 3 . 1 9 5 2 8 . 7 4 9
14 5 . 7 0 2 1 4 8 . 7 0 2 3 . 1 6 6 3 . 1 3 9 43 .0 04
I 6 2 . 3  16 1 6 2 . 3 1 6 2 .916 3 . 132 6 3 . 1 1 9
1 7 5 . 1’ 4 1 7 5 . 1 7 4 2.633 3 . 1 1 0 7 7 . 0 2 9
1 83 .0 31 1 5 S. 031 3 . CS3 3 . 092 7= . 4  =4
2 0 3 . 1 5 6 2 C 3 . 156 3 . COO 3 . 0 7 3 £ 3 . 7 5 0
Z 15.2 6C 2 1 5 . 26C 2 .633 3 . C60 6 8 . 5 5 7
2 2 8 . 8 7 4 228 .67<) 2 . 6 6 6 3 . 0 4 ’ 5 0 . 1 1 4
2 3 9 . 4 6 3 2 3 9 . 4 6 3 2 .333 3 . 0 3 7 4 8.531
2 5 0 . C51 2 5 0 . 0 5  1 2 . 3 3 3 3 . 0 2 9 3 9 . 3 : 4
2 6 0 . 6 4 0 2 6 C .640 2 . 333 3 . 021 2 6 . 5  71
T E S T  TI ME = 7 . 0  0 SE C
X XX XXXX<*XXXXX*:kA*XX:=**XXXXXXXXX**X* XX**X >4*XXX**x, 
NljMeeP OF  O E S E P V A T I C N S  =  46
^''EPAGE V I R T U A L  M A S S  C C c F F I C I c N T  = - C . C 7 E  ( O V E R  ALL )
\'IPTUAL M A S S  C O E F F I C I E N T  TE S T  CF S I G N I F I C A N C E  :
1 ( T - T E S T  ) =  - 1 . C 6 7
St a n d a r d  d e v i a t i c n  = S 7 . C 4 S
^ ^ S R A G A  v i r t u a l  M A S S  Ç C E F F I C I E N T  = - 7 . 5 5  ( C C N S I D 5 R H D  )
195
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TABLE 4.9
SLOW ACCELERATION FLOW DATA FOR 4.36 CM POROUS MEDIA
CA = tt .3* CM SHAPE FAC’Or =
S T E A C Y  R_OW E C L A T  IC N :
G R A D . / V E L .  = 0 . CCI 21 + 0 . 0 0  329 V E L .
X X ******
TIME PRE. F PRE . F VEL . R VEL.
sec M V CM V CM/SEC
0 . 0 2 .500 £ . 383 0.590 17.672
0 . 250 5. 20C 1 c . C97 0.712 32.637
0 .500 a . 80 0 2 9.C45 C . 925 29.590
0.750 12.60C 4 2.719 1 . C 7 9 34.357
1 .000 15.090 5 1.641 1.200 39.3 30
1 .250 19.30 0 66 . 823 1 . 350 43 , 0 37
1 .500 2 2 .50C 7 £ . 335 1.425 4 5.480
1 .750 25.90C 30.567 1 . 5 30 4 9.500
2 .000 29.20 0 102.439 1.612 51 .4 59
2 .250 32 .CGC 112.£ 13 1.620 £3.5 SS
2 .500 35.30 C 1 24 .385 1.725 55.015
RE. TIME RN ACC. CC VMC
CM/SEC.sec
661.742 661.742 20.656 C. 762 -9.6 31
6 55.125 855.125 23.636 0.774 -6.762
11 08 .0 11 11 08.01 1 23.041 0 .768 —8.293
1286 .518 1266 .5 18 17.479 0. 7 65 -7.9 57
1435.273 1435.273 17.479 0.763 -11 .9 88
1613.772 1613.77 8 14.301 0.761 -14.650
17 03 .0 32 17 03. 032 1 C . €06 C. 7 50 -10.576
la 16.087 1816.087 1 1.918 0.753 -7.040
1926.167 1926.167 10.170 0 .759 -7.158
<00 6,495 2006.495 - . 151 0.753 -4,893
<060.047 2060.047 5.721 0.. 7 58 23.141
T E S T  T I M E  = 2 . 7 0  S E C
X X
TIME PFE . R PRE . H VcL , R VEL .
SEC MV CM V CM/SEC
0 .0 2 .300 5 . 66 4 0 . 572 18.371
0 . 500 6.000 1 £.S75 C . 7 30 23.3 93
1 .000 9. 000 29 .768 0.6 75 29.001
1 .500 1 1.850 4 0. 021 1 .000 31.974
2 .000 I 9.eo0 66.622 1.115 33.628
2.500 17.60 C 6 C.707 1 . 220 33.965
3 .000 20.100 69.70 1 1.310 41,326
3 .5 00 2 2. 60 C 79.4 15 1 . 39 0 44.36A
4 .000 25.300 3S .409 1 . 480 
196
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TABLE 4.9 (CONTINUED)
4 . SCO 2 7 . 0 0 0 9 40 3 1 . 5 63 4 -7 .7 3C
5 . 0 0 0 3 0 . 0 0 0 10 £ . 21 6 1 .540 3 2 « 3:3
5 . 5  09 3 2 . 2'' 0 .1 L e 2 2 2 X . ’ 09 5 .2 : 0
5 .009 = 4 , S ', C 1 2 1 . 5 0 ’ 1 r = . 3 : ■'
6 . 5 0 0 3 6.500 1 2 Z • 7 C 2 1 .7 66 6 • L
RE. T I M E FN ACC , CD VM C
C M / S 3 C  .SEC
6 8 7 . 9 2 4 68 7 . 9 2 4 1 0 . C43 C. 73 0 - 2 3 . 4 1 6
5 7 5 . 9 5 1 87 5.951 9 .630 0 . 7 7 3 - 1 0 . 0 2 2
1 0 4 8 . 5 0 8 1 048 .50 a 8.5 61 0 . 76 9 -6 . 3 95
1 1 9 7 . 2  65 119 7.265 1.627 0 . 766 - 3 . 3 8 5
1 3 3 4 . 1 2 0 1 334. 12 C 6 . 992 0 . 7 6 4 7 2 . 4 4  4
1 4 5 9 . 0 1 3 1 4 8 9 . 0 7 3 6 . 19 7 0 . 7 6 2 0 . 731
1 5 6 6 . 1 7 7 156 6. 177 5. 4 0 2 0.761 0 .X: 49
16 61 .2 5 1 1 6 6 3 . 3 8 1 5. 4 03 C .761 5 . 2 9 3
1 7 6 8 . 4 6 5 1 7 6 6 . 4 6 5 5 . 5 6 2 0 . 7Ô 0 -0.6 30
19 69 . 6 40 1 869 . 64 C 5 . C65 0 . 7 5 9 - 3 . 0 4  0
19 58.6 94 1 9 5 6 . 6 9 4 4 . 2 9 0 C .7 53 - 2 0 . 4  =4
2030 .297 202 0 - 2 9 7 2 . 4 9 6 0 . 7 5 9 - 2 5 . 3 3 3
2 0 8 9 . 7 9 9 2 0 8 9 . 7 0 9 2 . 7 01 0 . 7 5 9 - 1 7 . 5 4 9
2121 .450 2 13 1.450 2 . 225 0 . 7 5 7 8 . 3 0 5
T E S T  TI MF = 6 . 9 C  S E C
T I ME FFE. F F R E .  H V c L  . R V E L  .
SE C M V CM V C M / S c C
0,0 2 . 0 0 0 4 . 5 6 4 0 . 4 6 5 1 5 . 6 0 6
1 .000 2. 95 0 1 1 . 6 0 0 0.6 30 2 0 . 2 1 5
2 . 000 6. 300 2 0. 054 0 . 77 5 2 4 . 6 2 3
3 . 0 0 0 ■9.00 0 2 9 . 7 6 8 0 , 900 2 8 . 7 9 6
4 .0 00 1 1 . 5 0 0 3 6 . 7 6 2 1 . 0 1 2 3 2 . 3 5 5
5 . 0 0 0 1 4 . 0 0  0 4 7 . 7 5 6 1. 120 3 5 . ’ 87
6 . 0 0 0 1 6 . 7 0 0 5 1 . 4 6 9 1 . 2 2 0 3 8 . 9 6 5
7  .000 1 9 . CO 0 6 5 . 7 4 4 1 . 29 0 41 . 1 90
8 .000 2 1 . 2 0 0 73 . 65 9 1 . 2 6 2 43.4 94
9 . 0 0 0 2 3 . 3 0  0 6 1.214 1.4 15 4 5 . 1 6 3
10 .000 2 5 , 2 5 0 8 6 . 2 2 9 1 . 4 8 0 4 7 . 2 2 0
11 .000 27. 150 9 5.064 1 . 5 3 0 4 8 . 81 7
1 2 . 0 0 0 2 8 . 7 5 0 1 0 0 . 6 2 1 r . 5 6 2 5 0 . 4 6 6
1 3 . 0 0 0 3 0. 2 5 0 1 0 6 . 2 1 7 1 . 63 0 5 1 . 9 9 6
1 4 . 0 0 0 3 1.700 1 1 1 . 4 2 4 1 . 6 6 5 5 3 . 1 ca
1 5 - 0 0 0 2 3 . 0 0  0 1 1 6 . 1 1 0 1 . 6 9 5 54.061
16 .000 34 .250 1 2 0 . 6 0 7 1 . 72 7 5 5 . 0  94
1 7 . 0 0 0 3 5 . 5 0 0 1 2 £ . 105 1 . 7 5 0 5 5 . 8 0 9
1 8 . 0 0 0 3 7.0 0 0 1 2 0 . 5 0 1 1 . 7 7 0 56 .44.5
1 9 . 0 0 0 3 8 . 0 0  0 1 3 4 . 0 9 9 1 .800 5 7 . 3  78
20 . 0  00 3 8 . 8 0 0 13 6 . Ç77 1 . 81 0 5 7 . 7 1 6
RE. T I M E  FN ACC. CD
C M / S E C  .SEC
V M C
5 6 4  .390 
T55.Ç46 
9 2 9 . £C3 
1 0 7 8 . 2 6 0  
1 2 1 1 . 5 4 4  
1240 .C71 
14 59 .0 7 3
5 £ 4 ,390 
7 5 6 . 9 4 6  
9 2 9 . 5 0 2  
1 078, 260 
1 2 1 1 . 5 4 4  
1 3 4 0 . C 7 1 
145 9. 0 7  3
4. 60 8
ec£
290 
766 
496 
205 
70 1
0 . 786 
C. 7 7 7  
C . 77 2 
0 . 763 
C . 766
C.76XV 
C. 7 6 2
- 3 4 . 5  34 
- 3 1 . ’ 95 
- 2 2 . 5 9 0  
- 2 7 . 1 = 4  
- 25.368 
- 2  3.262  
-3 1.785
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table 4 (CONTINUED)
1542
1<2P
J7c0 
1 ’27 
1 = 90 
1
1 98A 
2024 
206 2 
2oeg
«1 13
2l 4q 
2161
.37 6
.6 54 
.1:3 
.4 0 = 
.90 0 
. 4<5 
.994 
.645 
.2 46 
.0 2: 
.799
.  e c o  
.300 
.201
1 5 4 2 . ’ 7 6 2 . 2 6 4 C . 1 =2 -  2 1 . ’  t 4
1 6 2 8 . 6 5  4 1 . 7 6 6 C . ’  j  1 -2  1 .1 21
1 6 9 1 . 1 3  : 1 .6 6 7 C .’ 6 0 . 3 -i
1 7  = 6 . 4 8 5 1 , 3 2 7 w . ’  .iO — ; .  1 ’  -
1 9 2  7 . 9  =3 6 1 . b 2  9 G . 7 S J . 1
1 0 9 C  . 4 6 5 1 . 5 5 9 c . 7 3 ) -1 .  2 1 2
1 9  4 6 . e g  6 1 . 3 1 1 'w . 7 = 6 -  1 6 .  6 >4.
1 9 8 6 . 6 4 5 1 . 0 3 3 0 . 7 5  J . 6 2 5
2 0 2 4 . 3 4 6 C . 9  9  3 c . 7 5  5 1 5 .  3 4 2
2 0 6 3 . 0 2 3 C . 8 7 4 0 . 7 3 3 .2 0 .  2 0 2
2 0 3 9 . 7 ) 9 c . u 7 5 0 , 7 5 6 3 5 . 4  1 6
2 1 1 3 . 6 0  C c . 7 9 5 c . 7 5  3 1 6 6 .  5 4 9
2 1 4 9 . 3 0  0 c . 6 3  6 0 . 7 5 7 1 7 9 . 5 4 6
2 1 6 1 . 20 1 c . 3 16 c . 7 5 7 46 5 . 5  2 5
1'
T E S T  T I M E  = 2 C . 6 C  SE C
Du m b e r  o f  g e s e r v a t i c n s  = 46
^^FPAGE v i r t u a l  m a s s  C O E F F I C I E N T  = 1 2.-763 ( OV E R  ALL )
V i r t u a l  m a s s  c o e f f i c i e n t  t e s t  o f  s i g n  i f ICA^ICE :
T C T - T E S T  J = 0.9 69
St a n d a r d  d e v i a t i o n  = 8 2 . 8 1 5
^''ERAGA v i r t u a l  m a s s  c o e f f i c i e n t  = - 5 . 5 2  ( C O N S I C O R E D  )
198
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TABLE 4.10
SLOW ACCELERATION FLOW DATA FOR 7.9 2 CM POROUS MEDIA
OA = 7 . 9 2  CM H H A F c  F A C T Q P  = l.j.1 ' F  C 3  î  T Y  =
S T E A C Y  FLCV. E Q U A T I C N  :
G R A D . / V E L .  = 0 . 0 C 2 5 7  4 0 . 0 0 0 6 1  V E L .
T IME 
SE C
FFE . R 
M V
FRE . H 
CM
V E L  . R 
V
VE L  . 
C M / s r c
1 . SCO
2 .000 
2 .700 
3 . 2 0 0  
4 .300
1 . 65 C 
2. 200 
2. 750
3 . 25C
4 .000
3 1. 4 9 9  
4 6 . 6 4 6  
55 .793
6 -î . ICI
7 6 . 530
1 . 7 0 0  
2.100 
2 . 4 5 0  
2.750 
3 . C 7 0
5 9 . 0 4 3
63,491 
7 6 . 7 5 9  
6 3 . 5 4 5  
91 . 4 03
R E .  T I M E RN ;CC. CD
C M / S E  C .ScC
VMC
6 2 1 5 . 3 9 3  6 2 1 5 . 3 9 5  
7 2 1 0 . 0 0 4  7 2 1 0 . 0 0 4  
e C 8 0 . 2 8 9  8 0 8 0 . 2 3 9
6 8 2 6 - 2 4 6  8 8 2 6 . 2 4 6
9 6 2 1 . 9 2 4  9 6 2 1 . 9 3 4
1 6.697 
1 ;:.763 
1 1 . 6 1 0  
9 . 1 5 3  
7 . 5 5 9
C . 1 5 3 
C . 165 
C . 16 3 
C . 1 62 
C . 1 60
7 . 552 
7 . 4 9 5  
6. 869 
4 . 3 1 4  
11 .247
T E S T  TI ME = 5 . 3 0  SE C
X X *  X X * X X X X X t X < X < * X X X < X t * 5 K > ! s s « * x i * * X i X  X *  X *  X X x x x * i « * * * x x . 7  > « « » * * *
T I M E
SE C
FFE. R 
MV
FRE . H 
CM
V E L  . R 
V
V E L  . 
CM / S  EC
1 .000 
2.000
3 .000
4 .000
5 . COO
1 . 20 0 
2. IOC 
2. 90 0
3 .650
4 .32C
30  . Cl 6 
4 4 . 9 8 3  
53. 287 
7C .759 
8 1 . 9C2
1 . 550
2 . 250 
2 . 6 0 0  
2 .000 
3 . 2 0 0
5 5 . 5 0 0  
7 2 . 0 3 4  
3 0 . 3  02 
8 9 . 7 5 0  
9 4  . 4  7 4
RE. T I M E RN ACC.
C M / S E C . S E C
CC V M C
5842 .4 1 4 
7 5 8 2 . 9 8 4  
64 £ 3 . 2 6 6  
94 4 7 . 8 7 5  
9 9 4 5 . 1 eC
5 8 4 2 . 4 1 4  
7 5 8 2 . 9 8 4  
8 4 5 3 . 2 6 6  
9 4 4 7 . 8 7 5  
9 9 4 5 . laC
1 6 . 5 3 5  
1 2 . 4 0 1  
8 . 6 5 8  
7 . C86 
4.124
C , 1 70 
C. 1 :4 
C . 162 
0 . 1 5 1 
C. 1 3 1
1 . 5 3 4  
- 5 . 2 1 2  
1 . 9 2 9  
- 1 . 9 3 6  
21 . = 75
199
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ï'Abtîîr 4’.'10 i CÜèi i'ib Uhi.ü >
TEST T I M E  = 5.7C SEC
7 X * * * jt X * J) X X X * X =0 * y- X X X X y X X y X X * ■> X -y * * X X -■» *• >!i * »• » * il X * y x x x x y v x x x i? t -» ,t * 7 .,t
T I M E
SEC
F F E . F 
MV
P R E  . H 
CM
V ïL . R* 
V
VE L  . 
C M / S E C
1 .000 
2.000
3 .000
4 .000
1 .350 
2. 4 C C  
3. 3 0 C  
4 .050
3 2.510 
4 9 . 5 7  2 
64 .939 
77 . 4 1 1
1 ,600 
2 . 350 
2 . 000 
3 . 2 0 0
56 .6 31 
74 , 3 96 
£ 3 . 0 3 6  
74 .474
RE. T I M E  FN 4CC. CD
CM/SE C .ScC
V M C
5 9 6 6 . 7 4 2  5 9 6 6 . 7 4 2  1 7 . 7 1 6  C . 1 6 9  3 . 6 5 8
7 8 5 1 . 6 3 3  7 8 3 1 . 6 ’ 3 1 4 . 1 7 2  0 . 1 6 4  -0.331
0 9 5 0 . 5 7 0  Ç 9 5 C . 5 7 C  1 0 . 0 5 9  0.161 1. 737
9 9 4 5 . 1 3 0  9 9 4 5 , 1 8 0  9.448 0 , 1 6 0  - 3 . 7 6 3
TEST T I M E  = 5.0 0 SEC
N l m e e F CF O E S E P V A T I C N S  = 14
A V E R A G E  V I R T U A L  MASS C C E F F ICIENT = 4.107 ( O V E R  ALL )
V I R T U A L  MASS C C E F F I C I  ENT T E S T  CF S I G N I F I C A N C E
T { T - T E S T  ) = 1.66 3
S T A N D A R D  D E V I A T I O N  = 6.656
A V E R A G A  v i r t u a l  M A S S  C O E F F I C I E N T  = 3.34 ( C O N S I D E R E D  )
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TABLE 4.11
RAPID ACCELERATION FLOW DATA FOR 1.59 CM POROUS MEDIA
CA =  1 . = o  CM ShAR 5 F A C T O R  = 1.52
S T E A C Y  F L C V i  E C U A T I C N  :
G P A D . / V E L .  = 0 . 0 0 5 6 2  -f 0 . 0 1 9 1 1  VEL .
a=S *  *  *  jK* *  a  a  a  *  xr it a  *  *  * •> X * ♦ X X * * X
T I M E
SE C
P P E  . P 
MV
P R =  . H 
C M
VEL . P 
V
V E L  . 
C M / S c C
0 .050 
0. 1 00 
0 .150 
0 .200
2 .500
1 C .000 
18 . 0 0  0
2 0. 5 0 0
5 . 6 5 1  
3 5. 104
6 2.252
7 :. = 4 0
C . 1 0 3 
0 . 2 5 )  
0.4-7 5 
0 . 5 0 0
4. .4.4-7 
14.419 
1 9 . 4. 0 5 
20 . 4-02
RE. T I M E RN .ACC.
C M / S E C . S E C
C D VM C
3 8 . 0  21 
1 2 3 . 2 8 1  
165.911 
174.4 27
3 8 . 0 2  1 
1 2 3 . 2 8 1  
1 6 5 . 9 1 1  
1 7 4 . 4 3 7
19 9 . 4 4 2  
14 9 . 3 5 1  
5 9 . 6 3 2  
1 9 . 9 4 4
4 . 13Ô 
2 . 60 6 
3 .545 
3 . 5  37
- 0 . 2 3 4  
- 0 .C’6 
2 . 865 
1 4 , 0 4 5
T E S T  T I M E  = 0 . 2 5  S E C
T IME 
S E C
P R E  . R 
MV
F R E . H 
CM
V E L  . R 
V
V E L  . 
C M / S E C
0 .050 
0.100 
0 . 1 5 0  
0 . 200
4 . 0 0 0  
10.000 
19 . 0 0 0  
1 9 . 8 0 0
1 1 - 1 4 1
33.104 
6 6 .C< 9 
6e .977
0 . 1 2 5  
0 . 37 5 
0. 5 0 0  
0 . 5 4 0
5 . 4 4 4  
1 5 . 4 1 6  
2 0 . 4  02 
2 1 . 9 9  3
PE. T I M E  RN A C C .  CD
C M / S c C . S E C
VMC
46.547 
131 .807 
174.437 
18 E .0 79
4 6 . 5 4 7  
12 1.607 
1 7 4 . 4 3 7  
l e e . 079
19 9 . 4 4 2  
14 9 . 5 5 1  
6 5 . 8 1 5  
3 1 . 9 1 1
. 9 9 6  
.591 
.5 37 
. £24
0.2 57 
0 . 7 6 4  
1 . 151 
0 . 437
T E S T  T I M E  = 0. 2 5  S E C
X 3 * » ar*: -
201
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t a b l e  4 . 1 1  (C O N T IN U E D )
T I M E F Fd . R F R 5  . F V E L .  :) V'=L .
S EC M V C V V c
0 . 0 5 0 4 . 1 5 0 1 1 . 6 9 0 0 . 20 0 5 .4 36
0 . 1 0 0 1 2 . 1 5 0 4 0.574 0 . 4 1 2 1 6 , 9 1 2
0 . 150 1 9 . 1 5 0 6 6 . 5 9 3 G . 60 3 24.591
0 .200 2 6.150 9 2.222 0 .625 2 5 . 3 8 8
0 . 2 5 0 .30.400 10 7.779 0 . 6 4 0 2 5 . 1 5 7
RE. T I M E FN ACC.
CM /  £t£C .S = C
CD VMC
7 2 . 1 2 5  
1 4 4 . 5 9 6  
2 1 0 . 2 4 7  
2 1 7 . 0 6 7  
2 2 2 . 1 8 3
7 2 . 1 2 5  
14 4. 5 9 6  
2 1 0 . 2 4 7  
2 1 7 . 0  67 
2 2 2 . 1 8 3
16 9 . 6  25 
16 1 .543 
8 4 . 7 6 3  
13 . 9 6 1  
11 . 967
774. 
571 
SO 0 
50 4 
501
-0 .4.04- 
- C . 3 65 
.110 
.674 
. 933
— 6 
0 
23
T E S T  T I M E  = 0 . 3 0  3 c C
X * 4 X X * X * X y X * * * * * * : * * * * * * * *  ts X: ¥ * * * * X * * X y 4 s a r- t »! a t: a a
T IME 
SEC
F F E .  R 
M V
P R E  . H 
CM
V E L  . R 
V
V E L .
C M / S E C
0 - 0 5 0  
0 . 1 00 
C - 1 5 C 
0 .200 
0 -250
2.000 
9. ISO 
1 7 . CO C 
2 8.25C 
3 0 . 2 5 0
3 .620 
2 9 . 9 9 3  
5 3 . 7 2 3  
9 9 . 9 0 9  
1 0 7 . 2 3 0
0 . 100 
0 .3 50 
C . 63 0  
0 . 660 
C .632
4 .447 
14 .41 9 
2 5 . 5 6 8  
2 6 . 7 8 4  
2 7 . 6 2 2
RE. T I M E FN ACC 
C.M/ S EC ,S5C
CD VM C
3 8 . 0 2 1  3 8 - 0 2 1  1 9 9 . 4 4 2
1 2 3 . 2 8 1  1 2 3 . 2 3 1  2 1 1 . 4 0 8
2 1 8 . 7 7 3  2 1 6 . 7 7 3  1 2 3 . ( 5 4
2 2 9 . 0 0 4  2 2 9 . 0 0 4  2 0 . 9 4 1
2 3 6 . 6 7 7  2 3 6 . 6 7 7  17. 9 5 0
. 136 
.606 
.503 
.49 7 
.493
- 0 . 4 5 9  
“0.5 66 
- 7 . 2 9 5  
- 2 . 5 9 2  
-2 .227
TEST T I M E  = 0 . 3 0  S E C
t i m e
SEC
F R E .  K 
MV
F F E  . 
CM
V E L .  R 
V
V E L .
C M / S E C
0 . 0 5 0  
0 . 1 CO
3. 150 
7 .65 0
6 . 03 0 
4 .502
0 . 17 3 
C . S C O
7.4 39 
2 C . 4 02
.20?
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t a b l e 4.11 (CONTINUED)
■f:. T I M E  RN ACC.
C '// S E C . S E C
V I
€ 3 . 5 9 9 € 3 . 5 3 9 259.2
1 7 4 . 4 3 7  1 7 4 . 4 3 7  2 5 9 . 2 7 4
3 . 3 2 3  
3. 517
- C. 5 7 J 
-3,140
TEST TI WE = 0 . 2 5  ScC
T I M E
SEC
PFE. R 
MV
F R E .  H 
CM
VEL . R 
V
V E L  . 
C M / S E C
0 . 0 5 0  
C . 1 00 
0 . 1 5 0  
0.200
2 . 0 0 C 
7 .20C 
1 7 . 7 0 0  
2 7 . 2 5 0
3. £20 
2 2.355 
6 1 . 2 9 0  
9 €. 24c
0. 090 
0. 3 5 0  
0 . 6 1 3  
0 .€55
4 . 048 
1 4 . 4 1 9  
2 4 . 9 1 0  
26.585
RE . T IME RN ACC.
C M / S E C  .SEC
CD VM C
34 ,6 11 
1 2 3 . 2 8 1 
2 1 2 . 9 7 5  
227 .293
34.6 11 
12 3.231 
2 12 .975 
2 2 7 . 2 9 8
2 0 7 . 4  19 
2C £.616 
12 1. €59 
3 3 . 5 0 6
4 . 2  12 
3. 60 6  
3 . 5 0 6  
3 . 4 9 3
•0
•1
,4 00 
_ 4 C4
•5.911 
•3 .4 07
T E S T  T I N E  = 0 . 2 5  S E C
X X* ** * X
T I M E
SEC
F R E . R 
MV
FRE . 
CM
VEL . R 
V
VEL . 
C M / S E C
0 . 0 5 0  
0.100 
0 . 1 50 
0.200 
0. 2 5 0  
0 .300
6.650 
14 . 5 0  0 
24. 150 
3 6.150 
3 9 . 1 5 0  
3 9 . 4 5  0
2 0 . 6 4 2  
4 9 . 5 7 7  
8 4 .90 1 
1 2 5 . 6 2 7
13 9.606
14 0 . 9 0 6
0. 230 
0 . 5 0 0  
0 . 6 5 0  
0. 700 
0 . 7 2 6  
0 .750
9. €32 
2 0 . 4 0 2  
2 6 .3 86 
2 3.330 
2 9 . 4 1 7  
3 0 . 3 7 4
RE.- T I M E RN ACC 
C M / S E C .S 5 C
CC V MC
6 2 . 3 5 6  
174.4 37 
225 .593 
S <2 .645 
2 5 1 . 5 1 2  
259 .697
8 2 . 3 5 6
174 .437 
2 2 5 . 5 9  3 
24 2. 6 4 =  
2 5 1 . 5 1 2  
2 5 9 . 6 9 7
2 15.397  
167.531 
7 9 . 7 7 7  
30.3 15 
19 . 9 4 4  
19.146
.721 
. 537 
.499 
.490 
.465 
. 452
0. 2 5 6  
-1 . JI9S 
- 4 . 7 6 3  
11 .51 I 
21.021 
13.1€1
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ta bl e 4.11 (CONTINUED^
TES T T I M E  = 0 . 3 5  SEC
»*.* <y y X4*i a* » . : - i •:
T I M E
SEC
P FE . 
M V
FRE , 
C M
V EL . ’ 
V
V E L  . 
C M / S C C
0 .050 
0 . 1 CO 
0 . 150 
0 .200 
C. 2SC 
0 .300
3 . 1 5 0
1 c . e s c
2 3 . 4 0 0  
3 3 . 0 0 0  
3 E . 5 0 C  
3 9 . ISC
e . C30 
3 5.464 
6 2 . 1 5 5  
1 1 7 . 2 9 6  
13 7 . 4 2 9  
13 9 .80S
C . iSO 
C . 4 2 5 
0 ,650 
C .740 
C . 7 5 5 
0 .770
6 . 441 
1 7 . 4 1 1  
2 6 . 3  36
2 9 . 375
3 3 . 5 7 4  
3 1 . 1 7 2
Re. T I M E RN ACC.
C M / S E C  .SEC
CD V-IC
55 . 073 
1 4 a .8 59 
2 2 5 . 5 9 3  
2 5 6 . 2 6 7  
2 6 1 . 4 0 2  
266 .5 18
55 .07 3 
1 4 8 . 8 5 9  
22 5 . 5 9  3
25 £.267 
261 .402
26 6. 51 a
2 19. 3 6 6  
19 9 . 4 4 1  
1 2 5 . 6 4 8  
4 1.663 
1 1 .966 
1 1 . 9 6 7
C . = a a
3 . 5 6 5  
3 . 4 9 9  
3 . 4 6 3  
3 . 4 6 1  
3 .479
- C .3 56 
- 1 . 3 4 2  
-3 . 7<49 
- 6 . 1 : 5  
1 3 . 6 C 7 
5 . 1 6 6
t e s t  t i m e  = C . 3 5  S E C
T I M E
S E C
P RE . R 
M V
PRE.
CM
VE L V E L  . 
C M / S E C
0 . 0 5 0  
0. 1 CO 
0 .1 SO 
0.2 00 
0 . 2 5 0
5. 60 C 
14 .IOC 
2 5 . 6 0 0  
3 6.60 C 
4 6 . 60C
16.99 6 
4 6 . 1 1 2  
9 0 . 2 0 8  
1 3 0 . 4 7 4  
16 7 . C79
C . 2 9 0  
C .6 CO 
C . 7 50 
C . 80 0 
C . 6 5 0
1 2 . 0 2 6  
2 4 . 3  91 
3 0 . 3 ’ 0 
3 2 . 1 6 9  
3 4 . 3 6  3
Rc. T I M E RN ACC . CD V M C
CM / S E  C .S5C
I 02 .8 19 1 0 2 . 8 1 9 24 7 .3C7 3 . 6 5 3 - 0 . 9 5 2
2C8.5 41 2C6 .541 1 8 3 . 4 8 6 3 . 5C 4 - 5 . 39 C
2 5 9 . 6 9 7 2 5 9 . 6 9 7 7 9 . 7 7 7 3 .482 - 1 2 . ’ 59
2 7 6 . 7  49 27 £ . 74 9 3 9 . 6 6 8 2 . 4 7 5 -A 1 . :c5
2 93 . 6 C 1 2 9 3 . 8 0  1 3 9 . 6  66 3 . 4 6 7 C . I 2 9
T E S T  T I M E  = 0 . 3 0  S E C
T IM E P R E .  R P R E .  H V E L  . 7 Vi_!_ «
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TAB1Te‘‘‘4 . rr’"TcüUTllN UËD )'
SEC Mv r . u V c M / s r c
C . C E 0 5.ETC IE.::: C . 2 3 j 1 :. 2 '
0 . 1 0 0  1 3 . IOC 4 4.4:2 C. : : :  2‘ .'2 2
C . 1 5 0  2 4 . 5 0 0  3 6 . 1 6 2  C . 7 ) 0  26.3 0 0
0.2 00 36. ICC 1 2 4 . c=3 C . ' z O
0 . 2 6 0  4 4 , 5 0 0  1=0.29 2 C . 7 7 3  3 1.372
SE. T I M E  PN 4CC. CD V--1C
C M / S E C  .SEC
6 9 . 1 7 7  6 9 . 1 7 7  2 7 9 . 2 1 6  3 . o 9 ô  - 0 . 4 0 2
20 6 . 5 4 1  2 C 6 . 5 4 1  1 7 9 . 4 9 7  3 . SCO - 5 . 1 9 7
2 4 2 . 6 4 5  2 4 2 . 6 4 5  5 9 . 6 3 2  3.490 - 1 1 . 6 0 7
269.69 7 2 5 9 . 6 9 7  2 9 . 9 1 6  3.4 62 - 4 . 7 9 0
2 6 8 . 2 2 3  2 6 6 . 2 2 3  19 . 9 4 4  3 . 4 7 8  24.8C6
T E S T  T I M E  = 0.30 S E C
^UWEEP CF O B S E R V A T  ICNS = 46
A\ERACE V I R T U A L  Wfce C C E F F I C I S M  = 0. 461 ( CVE R ALL )
\IPTUAL MA S S  C G E F F I C I E N T  T E S T  CF S I G N I F I C A N C E  :
1 ( T - T E S T  ) = - 0 . 4 4 5
^fANCARD D E V I A T I O N  = 6.133
^^ePAGA V I R T U A L  M A S S  C C S F F I C l c N T  = - 1 . 7 3  ( C C N 6 I D E R c D  )
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TABLE 4.12
RAPID ACCELERATION FLOW DATA FOR 1.67 CM POROUS MEDIA
CA =  1 . 6 7  CM S h A F Û  F A C T O R  =  1 . 9 3 'A'--C1ITY = C.-'-CO
S T E A C Y  FLQVi F O U A T I C N  :
C-OAC./VEL. •= 0 . 0 1 0 1 6  + 0 . 0 1 3 7 5  VEL ,
T I M E
S E C
F F E .  R 
MV
PRE . H 
CN
VEL . R 
V
V E L  . 
C M / S EC
0 .050 
0 . 100 
0 .1 50
1.000 
7. 000 
1 2 . 4 5  0
- 1 . 1 0 7  
20 .647 
4 0 . 4 0 6
C . 1 0 0 
0 . 3 7 5  
0 . 50 0
2 .-'17 
1 2 . 5 5 2  
17.048
RE. TI ME PN ACC.
CM/SEC .SEC
V M C
33 .73 3 
1 1 6 . 9 3 6  
1 E 4 .753
3 3 . 7 3 6  16 3
1 1 6 . 9 3  6 1 3 3
1 5 4 . 7 5 3  63
.309 
.3 16 
«322
4 . 2 4 7  
3 . 2 4 5  
3 . 1 4 6
■1.236
'1 .3 45 
•1 .6 01
TEST T I M E  - 0 . 2 0  S E C
T I M E
SE C
FFE. F 
MV
F F E  . H 
CM
VEL . R 
V
V E L  . 
C M / S E C
0 . 0 5 0  
0 . 1 00 
0 . 1 5 0
2 . 1 5 0  
g .  000
1 5 . 2 0 0
3 . 063 
2 7 . 6 9 6  
50 . 377
C. 25 0 
C .430 
0.610
6.716 
l 6 . 3  82 
2 0 . 7 1 4
RE. T I M E RN ACC.
C M / S E C  .SEC
CO V M C
7 9 . 1 1 8  
1 4 8 . 7 C 2 
1 6 6 . C31
7 9 . 1 1 6  
1 4 6 . 7 0 2  
1 6 6 . 0 3 1
153.3 13 
1 1 9 . 9 6 4  
6 6 . 6 5 5
2 . 4 3 3  
3 . 1 39 
3 . 0 9 2
-2 .296 
•J .405 
-4. 523
T E S T  T I M E  = 0 . 2 0  S E C
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T A B L E  4 . 1 2  (C O N T IN U E D )
T I M '
SEC
0 . 0 E 0 
0.100 
0 . 150
RE. T I M E
PF E  . F 
w V
6 . Z5C 
1 2 . 2 5 0  
1 8. 25C
FN
FFc . F 
C V
14.302 
3 9.651 
6 1.435
ACC . 
C M / S E C  .SEC
VZL . 
V
C . 1 5 C 
C . 37 6 
C . 65 0
48. 665 46. 665 1 5 C . 647
11 7 . 2 3 3  11 7 . 2 3 6  1 6 6 . 6 4 4
2 0 0 . 1 3 3  2 C C . 1 3 3  1 6 2 . 6 4 2
TEST T I M E  - 0.20 SEC
CD
3.611 
3. 244 
2 .076
T I M E
S EC
0 . 0 5 0 
0 . 100 
0 . 1 5 0
RE. T I M E
43.665 
1 39.6 26 
221.311
FFE . R 
MV
4.200 
12.200 
2 2 . 2 0  C
RN
4 6.665 
1 39.626 
221 .311
FRS . F 
CM
1 0.495 
3 9 . 5 0 0  
7 5 . 7 5 6
ACC .
C M / 66 C. SEC
19 9.974
1 6 9 . 9 7 5
1 7 9 . 9 7 6
:L . R 
V
C. ISO
0 .450 
0 .7 20
CO
.311 
. 179 
. 054
TEST T I M E  = 0.20 S E C
T IME 
SEC
0 .050 
0 . 1 5 0
PFE . R 
MV
6. 450 
27. 450
P R E .  F 
CM
16.653 
94 . 7 9 0
VEL . R 
V
0.400 
C . 770
V3L . 
CM/S :C
5 . 3 13 
12. il " 
2 2 . 0 A3
VMC
0. 34 3 
1 .595 
•2. 04 7
VSL . 
C M / 3 3 C
5 .3 33 
1 5 . 3 32 
34 . 3 31
VMC
0. 039 
•0.120 
•2.190
VEL. 
C M / S E C
13.715 
2 6.0 47
RE. T I M E RN A C C .
C M / S E C . S E C
1 2 4 . 4 9 9  1 2 4 . 4 9 9  1 2 3 . 3 1 7
2 3 6 . 4 3 7  2 3 6 . 4 3 7  1 2 3 . 3 1 7
CO
, 221
,040
VMC
-2.351 
- 1 . 2 9 7
V
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table 4.12 (CONTINUED)
t e  ST T I M E  = 0 . 2 5  S E C
TI M E
SE C
P R E  . 
MV
PR3 . 
C M
VEL . R 
V
V E L  .
CM/5E;
0 .050 
0.100 
0 . 1 50 
0 .200
5 . 00 0 
13. Ç 0 C  
24 .75 C 
31 .45 C
1 3 . 3 9 6  
4 5.664 
a 5 .00 1 
1 0 9 . 2 9 3
0.200 
C . 47 3 
C . 7 2 5 
C . 800
7, 0~0 
15.215 
24.5 47 
2 7 . 3 4 7
RE. T I M S  RN ACC . CC
C M / S E C  .SEC
V MC
63 . 9 9 2 
1 4 7 . 1 8 9  
2 2 2 . 8 2 3  
2 4 5 . 5 1 3
6 3 . 9 9 2  
14 7. 1 8 9 
2 2 2 . 8 2 3  
2 4 5 . 5 1 3
1 8 3 . 3C9 
1 7 4 . 9 7 7  
1 C e . 319 
4 9 . 9 9 3
3 . 5 3 1  
3 . I 62. 
3 . 0 5 2  
3 . 033
G . C 60
0 . 297 
•1 . 1 90
1 . 597
T E S T  T I M E  = 0 . 2 5  S E C  
'.XXxXiXXXXXXXXXXXxXXXXXXX X X X X A x A A X X  A A A 4 A *
T I M E
S E C
P P E  . R 
MV
P R E  . H 
CM
VEL. R 
V
V E L  . 
C M / S E C
0 . 0 5 0
0.100
0 . 1 5 0
7. 2 0 0  
1 5 . 7 0  0 
2 7 . 7CC
2 1 .372 
52 . 190 
95.69 7
0 . 3 0 0  
0 .650 
0 . 805
10.3 33 
2 2 . 0 4 8  
2 7 . 2 1 4
RE. T I M E FN A C C .
C M / S E  C.SEC
CD VMC
9 4 . 2 4 5  9 4 . 2 4 5  2 3 3 . 3 0 2  3 . 3 4 3  - 0 . 1 7 2
2 0 0 . 1 3 3  2 0 0 . 1 3 3  1 6 6 . 3 1 1  3 . 0 7 6  - 3 . 5 3 8
2 4 7 . 0 2 6  2 4 7 . 0 2 6  1 0 3 . 3 2 0  3 . 0 3 1  - 3 . 4 2 3
X X X X X X X X X X X X X X X X X X î X X X X X A :ÿ X X X X X  •> A  A  A  x« Ï! »« Jir
T I M E  
S EC
PFE. P 
MV
PRE. F 
CM
VEL . R 
V
VEL . 
C M / S E C
0 . 0 5 0  
0.100 
0 . 1 5 0  
0 . 200
1 . 900 
8 . 6 0 0  
17.750 
2 9 . 2 5 0
2 .156 
2 6 . 4 4 6  
5 9 . 622 
1 0 1 .3 16
0 . 1 2 5  
0 .350 
0.700 
C . 600
208
4 . 5 5 0  
12 . Oa. 9 
2 3.714 
2 7 . 0  47
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t a b l e  4 . 1 2  (C O N T IN U E D )
TIME FN 5C C .
C V / S - C . S E C
V ' ! -
6 1.201 
1C 9 . 3 7 2  
2 1 5 . 26C 
2 4 5 . 5 1 3
4 1 , 2 0  1 
1 C 9 . 37 2 
5 1 5 . 2 6  C 
2 4 5 , 5 1 2
14 9.980  
1 91 .64 1 
14 9 . 9 6 0  
6 6.658
.9 99 
. 27 3 
.061 
.0 33
■ 0 . ; =1 
0 . 1 1 5  
-4.5 90 
■2 . 1 ■’9
T E S T  T I M E  = 0 . 2 5  SEC 
* X X X X X X X X X X X  X X * X X X X X X X XX XX XX XXXXXXXxtvXX'-XXtXXXXx X X X X X X X X  XXXXXXX=?«A»!AAst.-'»A
T I M E
SEC
FFE . F 
MV
P R E  . F 
CM
V E L .  9 
V
V E L  . 
C M / S E C
0.010 
0 . 0 5 0  
0 . 100 
0 . 150
1 .000 
7 .60 C 
1 7 . 0 0  0 
2 8 . 5 0 0
- 1 . 1 C7 
2 1.622 
5 6.903  
9 6.597
0 . 1 50 
0 . 4 5 0  
0 .770 
C .945
5 . 3 93 
1 5 . 3 = 2  
2 6 . 0 4 7  
31 .6 30
RE. T I M E  FN ACC. CC
C M / S E C . S 5 C
V M C
4 8 . 6 6 5  
1 3 9 . 6 2 6  
226 .437 
2 8 9 . 3 6 1
4 8 . 6 6 5  
1 3 9 . 6 2 6  
22 6.437 
2 8 9 . 3 8 1
2 4 9 . 9  67 
22 9-599 
1 6 4 . 9 7 8  
1 16 . 6 5 1
2.811 
3 . 1 79 
2 . 0 4 0  
2 .CC3
- 1 . 3 4 7  
- 2 . 1 5 3  
- 7 . 2  08 
■11.238
t e s t  T I M E  = • 0 . 2 9  S E C
X X X X X
T IME 
S E C
P R E  . R 
MV
P R E  . H 
CM
V E L  . R 
V
V E L  . 
C M / S E C
0 .040 
0 .090 
0 . 1 4 0  
0 . 190 
0 - 2 4 0
2. 60 0 
9 . 5 0 0  
19 . 4 0 C 
3 1 . 2 0 C  
4 2.60 0
4.694 
2 9,711 
6 5 . 6 0 4  
1 0 6. 366 
14 9. 7 1 8
0 . 1 SO 
0 . 450 
C . 7 8 0 
C . 900 
0 . 9 4 5
5 .333 
1 5.3 32 
2 5 . 3 3 0  
3 0 . 3 8 0  
3 1 . 8  60
Re. T I M E  RN ACC . CD
C M / 5 E C  .SEC
V M C
4 8 . 6 6 5  
1 3 9 . 6 2 5  
23 9 . 4  6 2 
2 7 5 . 7 6 7  
269 .3 61
4 8 . 6  6 5 
1 3 9 . 6 2 6  
2 3 9 . 4 6 2  
2 7 5 . 7 6 7  
2 8 9 . 3 6 1
1 9 9 . 9 7 4  
2 0 9  .972 
149 .96C 
5 4 . 9 9 3  
2 9. 996
3.811
2 . 179
3 . 037 
3.011 
2.002
-0 .-^ 39 
- 1 . 4 2 3  
—6.840 
•12.009
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TABLE 4TT2 (CONTINUED)
TEST T I M E  = 0 . 2 9  S E C
* X X X X X X X X X < X X X X  X  X  X  X  »  *  X X  X X  X V  ^  X  •* X  i A  > j  u  st .1 ï; J- j X X  * A  A a  V: i i «  f  - t  - t  t  ^
^CMEEF CF C E S E F V A T I C N S  = 24
Average v i r t u a l  m a s s  c c e f f i c i e n t  = - 2  . i-?g ( cver all )
V IRTUAL M A S S  C O E F F I C I E N T  TE S T  CF S I G N I  F I C A N : c  : 
f ( T - T E S T  ) =  - 5 . 6 4 4
S ta n d a r d  c e v i a t i c n  = 2 . 2 2 5
“'VERAGA V I R T L A L  M A S S  C C E F F I C I E N T  = - 1 . 6 2  ( CCN S I CE R b D  )
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TABLE 4.13
RAPID ACCELERATION FLOW DATA FOR 4.3 6 CM POROUS MEDIA
C A =  4 , 3 6  C S FA Pr. F ^ C T D F  = 1 . = c
S T E A C Y  FLOVt Z O U A T I C N  :
G R A D . / V E L .  =  0 . 0 C 1 2 1  + 0 . 0 0 2 2 9  V E L .
T IMG 
S E C
F F E  • R 
MV
P P E  . 
C M
VEL . R 
V
VEL . 
C M / S  EC
0 . 0 5 0  
0 . 1 Cû 
0.1 50 
0 . 200
2 . 90 C 
1 C. 50C 
1 2.100 
14 . 900
1 1 . 4 2 0
3  £ . 164
4 4 . 5 1 2  
5 C . 994
C . 259 
C . 7 40 
1 . 065 
1.15 9
1 1 . 3 1 6  
22.711 
2 4 . 0  29 
26. •'41
9E. T I M E RN ACC.
C M / S E C . S E C
CD V MC
4 22 .723 422. 722 2 4 7 . 6 9 1  0. 602 -0. 024
6 6 7 . 8 5 2  567. 65 2 22 7.234 C .77 3 0. 795
1 2 7 4 . 6 1 7  1 2 7 4 . 6 1 7  1 2 0 . 2 0 1  C . 7 6 5  - 1 . 1 6 3
1 375.770 137 5 . 7 7 0  54. 027 0 . 7 6 3  - 2 . 2 5 6
T E S T  T I M E  - 0 . 2 5  S E C
T IME 
S E C
F FE . P 
MV
PR E  . H 
CM
V EL . R 
V
VEL . 
C M / S E C
0 . 0 5 0  
0 . 1 0 0  
0 .150 
0.200
4. 50 0  
1 0 . 4 0 C  
1 2. 800 
1 4 . 5 0 0
1 2 . 57 a 
3 4 . 6 0 4  
4 2 . 4 3 9  
,49 .555
0 . 27 5 
C . 6 5 0
0 . 900
1 . 10 0
a .  9 2 2  
2 0 . 8 5 0  
2 2. 7 9 6  
25. 1 =2
RE. T I M E RN ACC.
C M / S E C  .SEC
CD V M C
2 3 4 . 4 7 9  2 3 4 . 4 7 9
7 8 0 . 7 4 7  7 8 0 . 7 4 7
1 0 7 8 . 2 6 0  1 0 7 6 . 2 6 0  
1 2 1 6 . 2 6 9  1 2 1 6 . 2 6 9
22 6. 257 
1 9 8 .63 1 
14 2 . 0 1 4  
1 2 7 . 1 2 3
C . d 16 
C .77 3 
C .763 
0 . 7 : 4
0 .441
1 . 7C4 
1 .268
- 0 . 7 1 9
T E S T  T I M E  = 0 . 2 5  SE C
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table 4.13 (CONTINUED)
T IWÇ 
SE C
F  F F ,  R 
MV
F Ri
C V
VcL
V
V~L
0 . 0 5 0  
0 . 100 
C . 1 5 0  
C .200 
0 .250
4 . 3 5 0
1 Z .200
2 C . 60 C 
23 .900 
2 4 , 5 5 0
1 3 
4 1 
7 1 
£ : 
35
C39 
2£C 
500 
, 2 1  2 
7 11
0 . 2 5 0  
0 . 6 0 0  
1.100 
1 . 3 C 3 
1 .345
£ . 1 3 8  
1 9. 2 61 
3 5 . 1 5 2  
4 1 . 6 6 7  
A 2 .9 38
PE. T I M E  PN ACC. CC
C M / S E C  .SEC
VM C
3 0 4 . 7 2 6  
721 .245 
1216,269 
1560.2 26 
l ô C 7 .228
3 0 4 , 7 2 3  
72 1 . 245 
1 5 1 ( . 2 6 9  
1 5 6 0 . 2 2 6  
160 7.£2 6
2 2 2.466 
27 C. 13£ 
22 4 . 0 5 5  
7 7.(63 
2 5 . 4 2 4
C . £ 23 
C .77 P 
0.7 54 
0.761 
0.761
0 . 531 
2 .003 
2 . 069
4 , 541 
1 3. 3  94
T E S T  T I M E  = 0 . 3 0  SEC
T IME 
S E C
P P E  . R 
MV
F R E . H 
CM
V E L  . R 
V
VEL . 
C M / S E C
0 .050 
0.100 
0 • 150 
0 .200 
0 . 2 5 0
3. 900 
1 1 . £0C 
18 . 9 0 0  
2 2 . 7 5 0  
23 .20 0
1 1 .420 
39. £41 
6 5 . 3 £ 4  
7 9 . 2 3 5  
a 0 . £54
C . ISO 
0 . 4 5 0  
C. £5 0 
1 . 120 
1 .262
4. 960 
1 4 .4 54 
27 .2 06 
3 5 . 7 2 7  
4 0 . 3 1 6
RE. T I M E  PN ACC. CD
C M / S E C  .SEC
V M C
l £ 5 .723 
S 42 .738 
10 1 8 . 7 5 7  
1340 .071 
l S C 9 .6 5 0
1 8 5 . 7 2 3  
5 4 2 . 7 3 8  
1 0 1 8 . 7 5 7  
1 3 4 0 . 0 7 1  
1 5 0 9 . 6 5  C
1 9 0 . 6 8 6  
2 2 2 . 4 6 7  
21 î .932 
13 1 . 0 9 6  
9 0 - 5 7 5
0 . 8 7 2  
0 . 7 8 9  
0 . 7 6 9  
0 . 7 6 4  
0 . 762
0 . 7 6 6
3 .246
4 . 033
5 .402 
4 , 3 77
T E S T  T I M E  = 0 . 3 0  S E C
T I M E
S E C
P R E . R 
MV
P R E  . H 
CM
V E L  . R 
V
VEL , 
C M / S E C
C .050 
0.100 
0 . 1 5 0
3. 60 C 
1 1 . 1 0 0  
22. l 0 C
1 C .34 0 
3 7 . 3 2 3  
7 6 . £ 9 6
C . 350 
0 
1
c  8  = 
140
11 .316 
2 0 . C56 
3 6. 4 2 3
    . 212
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0 . 2 00 
C . 2 5 0
27 
2 8
, 10 C 
SO C
Ç X .  £ 6 4  
9 9.921
1 . 5 C ] 
1.550
4 7 . 3  5 4  
4 9 . 4 : 3
P E . T I M E FM ACC.
C M / 5 E C . S E C
V..1C
i  2 2 . 7 2 3  
7 5 0 . 9 9 6  
1 3 6 3 . 6 7 0  
1792 -288 
1 8 £ 1 ,769
4 2 2 . 7 3 3  
7 5 C . 996 
1 3 6 2 . 67C 
179 2.2 8 6 
1 8 5 1 . 7 8 9
1 7 4 . 7 9 5  
25 1 . C 69 
27 6. C 63 
13 C .3 Cl 
2 1 . 7 6 0
0 .80 2 
C . 778 
C . 764. 
0 . 7 5 9  
C . 7 5 9
0 . C33
1 . 62 C 
1 . 7 02 
0 . 1 2 5  
2. Cl 5
T E S T  T I M E  = 0 . 3 0  SEC
: X* X X X XX < X X X 4 * >!t aie X X Xï X X X ii /' X X Y: A
T I M E
S E C
F R E .  R 
MV
PR E  . F 
CM
VLL . P. 
V
VEL.
C M / S E C
0 . CSO 
0 . 1 00 
0 . 1 5 0  
0 .200 
0 - 2 5 0
1 1
SOC 
500 
22, 00 C 
2 6.50 0 
2 8 . 3 5  C
9.981 
3 6 . 7 6 2  
7 g .527 
9 2 . 7 2 6  
99 .382
0 . 1 5 0  
C . 350 
C . 70 C 
1 . 2 0 0  
1 . 37 5
4.. 96 0 
1 1 . 3 1 6  
2 2 . 4 3 9
38.3 30 
4 3. 6 91
RE. T I M E RN ACC.
C M / S E  C .SEC
C D V M C
1 8 5 . 7 2 3  185. 723 127. 124 0 .872 .1 .2 1 8
4 2 3 . 7 3 3  4 2 2 . 7 3 2  1 7 4 . 7 9 5  0 . 8 0 2  4.711
8 4 0 . 2 5 0  6 4 0 . 2 5 0  2 7 0 . 1 3 7  0 . 7 7 4  5 . 1 9 8
1 4 3 5 . 2 7 3  1 4 3 5 . 2 7 2  2 1 4 . 5 2 1  C . 763 3 . 8 0 9
1 6 4 3 . 5 2  1 1 6 4 2 . 5 3 1  1 1 1 . 2 3 3  0. 7 6 1  5 . 1 4 8
T E S T  T I M E  - 0 . 3 0  S E C
X XX* XX XX * * * * * *  XX :( * » * * %- * ;
T I M E
S E C
FRE.
MV
FR E  . F 
CM
V EL . P 
V
VEL . 
C M / S C C
0. 050 
0 .100 
0. 150 
0 .200
2. 750 
1 1 .45 0 
2.1. 6 50 
2 2 . 7 5 0
1 0 . 6 6 0  
36 . 5  62 
75 . 997 
1 1 5 . 2 1 1
C. 175 
0 . 500 
0 .900 
1.350
5 .■'SA 
1 6 . 0 8 3  
2 8 . 7 9 6  
4 3 . 0 9 7
RE- T I M E  FN A C C . CD
C M / ££ C.SEC
VMC
2 1 5 . 4 7 5  2 1 5 . 4 7 5  2 0 6 . 5 7 6  0 . 6 5 5  0. 5 2 2
6 0 2 . 2 4 0  6 0 2 . 2 4 0  2 3 0 . 4 1 2  0 . 7 8 5  2 . 7 0 7
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j •sy.'—
1 0 7 8  . 2 6 0  1 C 7 Ç . 2 6 C  2 7  C . 1 2 7  C . 7 6 1
1 5 1 2 . 7 7 6  1 6 1 2 . 7 7 P  2 6  6 . ( 2 7  C . 7 C 1
3.759
2.-366
T E S T  T T VE = 0 . 2 5  5 6 C
4 X X X X X X X X X  X X X X X X X * 4 X * * X * X X X * x X X  x * * 4 X * a w x- t x ^  -} t  i a->-kii
T I M E
SEC
P F E  . F 
M V
PRE . h 
CM
VEL . W 
V
VEL . 
C V / 3 E C
0 .050 
0 . 1 0 0  
C . 1 5 0  
0 . 200
4 . 30 0 
1 2.800 
22 . 80 C 
2 2 . 3 0 C
1 2 . 6 5 9  
4  2 . 4  2 9 
7 9 . 4  15  
1 1 7 . 1 9 0
0.335 
0 . 6 7 5  
1 . 1 5  0 
1 . 550
IO.d 39 
2 1 . 6 4 5  
36. 741 
4 9 . 4 5 3
RE. T I M E  RN ACC. CC
C M / S E C  .SEC
VMC
4 0 5 . 6 6 2  
6 1 0 . 4 9 9  
1 3 7 5 . 7 7 0  
1 8 5 1 . 7 8 9
4 0 5 . 8 8 2  
a i e . 499 
1 375. 77 C 
1 8 5 1 . 7 8 9
2 1 5 . 1 1 0  
25 9.014 
27 6 , 062 
25 4 . 2 4 7
0 . 6 04 
C. 775 
0 . 7 5 2  
0 .759
0.2 68 
1 . 9 3 3  
1 . 6 6 7  
1 .517
TEST T I M E  = 0 . 2 5  S E C
TI M E
SE C
F RE . R 
MV
P R E  . F 
CM
VEL . R 
V
VEL.
C M / S E C
0 . 0 5 0  
0 . 1 1 0  
0 . 1 5 0  
0 .200
4 .30 C 
1 2 . 0 0 0  
2 2 . 0 0 0  
34 . 80 0
12.6=9 
4 0 - 5 6 0  
80 . 134 
122 .566
C . 15 0 
0 . 4 0 0  
0 .625 
1.350
4 . 960 
12 .9 05 
2 6 . 4 1 2  
4 3 . 0 9 7
RE. T I M E RN ACC.
C M / S E C . S E C
CD V M C
1 6 5 . 7 2 3  1 6 5 . 7 2 2  12 2 . 4 2 1  0 . 6 7 2  1. 7 6 3
4 8 2 . 2 2 6  4 6 2 . 2 3 6  2 1 4 . 5 2 1  0 . 7 9 5  3. 7 2 6
9 89.0 06 9 8 9 . 0 0 6  3 2 5 . 4 6 4  0 . 7 7 0  3.6 82
1 6 1 3 . 7 7 8  1 6 1 2 . 7 7 c  3 3 2 . 6 9 6  0. 761 3 . 4 2 5
T E S T  T I M E  = 0. 2 5  SE C
T IME 
SEC
F F E  .  R 
MV
F R E  . F 
CM
V E L  . P 
V
VEL . 
C M / S E C
91 d
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0 .0 5 0 2 .6 0 0 g . 74 2 0 . 10 1 1 « 171
0.100 1 0 .6 0 0 35 . 5 24 0 . 3 i  ) ! 1 . 7 1 C.
0 . 1 50 F 0 . c 0 C 7 1 . 5 0 0 c , ■’ - S 2 . 5 ■
0 . 2 00 2 2 ,1 0 0 : 1 2 . : 7 2 1 . : 5 : 3 0 . : 1 ,
FE. TIMI FN
1 26.22 1 12 6. 221 
4 2 2 . 7 2 3  4 2 2 . 7 2 2
9 2 9 . 5 0 3  9 2 9 . 5 0 3
1 4 9 4 . 7 7 4  1 4 9 4 . 7 7 4
ACC . 
C M / S E C .SEC
1 5 S . Ç C 5 
2 1 4 . = 2  i 
226.C28 
30 1 . 9 i e
VMC
C .9 2 : 0. 3 33
C.d0 2 2. 2 :2
0 . 7 7 2  3 . 9 1 0
C.7 62 3. 332
TEST T I M E  = C .25 SEC
X  X sjc a)C *  *  X X  *  *  *  *  *  *  *  *  *  :«  *  *  *  *  • *  - t  . î  *  ' î  «  ' î
N L M 8 E F  CF C B S E R V A T I C N S  = 44
a v e r a g e  V I R T U A L  VASS C C E F F I C I E N T  = 2 . 4 C 7  ( CV F R  ALL )
V I R T U A L  MAS S C C E F F I C I E N T  TEST CF S I G N I F I C A N C E  :
T ( T - T E S T  ) -  2 . 7 2 9
S t a n d a r d  d e v i a t i c n  = 2 . 4 7 5
A V E F A G A  VIRTUAL. MA S S  C C E F F I C I E N T  = 2. 2 5  ( C C N S I C E R E O  )
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TABLE 5.1
CHARACTERISTICS OF GRANULAR MATERIALS
Material Particle Size 
Mg dso
cm cm
Particle Shape 
Factor 
a
River Gravel 7. 92 9,38 1,31
Crushed Rock 4.36 5.39 1.56
Crushed Rock 1,67 1.56 1, 92
River Gravel 1.59 1.59. 1.52
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TABLE 5.4 
RESISTANCE EQUATION DATA
DM DS PHI PP
0*950 l.iao 2.100 0,450
V E L O C I T Y  G R A D I E N T  
C M / S E C
4 624 0. 308
4 851 0. 344
7 544 0. 377
5 354 0. 420c 51 6 0. 443
6 00 3 0.515
6 28 7 0. 568
6 61 1 0. 633
6 976 0.699
7 220 0. 745
7 41 4 0.787
7 682 0. 843
7 95 0 0. 906
8 274 0.965
8 761 1 . 076
9 045 1 . 145
9 426 1 • 240
4 299 0. 276
4 056 0.26?
3 894 0. 240
3 691 0. 21 3
3 488 0. 194
3 326 0.174
2 839 0. 125
2 434 0, 095
2 028 0. 069
1 622 0. 039
* * * * * * * * * * * * * * * * * * * * * * * *
DM OS PHI PP
0.790 0.690 2. 270 0.465
922 
638 
476 
273 
989 
601 
46 2 
21 8 
894 
65 0 
407 
83 9 
434 
028 
622 
46 3 
869 
152 
436 
680 
1 1 8 
515 
710 
937 
734 
41 0 
248
923 
517 
152 
828 
842
8 T 3 9  6-
950 
58 5 
814 
327 
84 1 
175 
678 
394
853 
781 
732 
673 
6 17 
548 
492 
456 
394 
348 
299 
203 
151 
092 
059 
280 
434 
539 
631 
716 
844 
972 
073 
205 
100 
00 1 
932 
772 
68 6 
562 
430 
762 
6 C"3* 
463 
345 
096 
951 
833 
656 
787 
722
* * * * * * * * * * * * * * * * * * * * * * * *
DM DS PHI 3 0
1.670 1.560 1.020 C , 4 60
VELOCITY
CM/SEC
6. 97 6 
6.627 
6. 376 
6. 165
GRADlENT
1.115 
1 . 024 
C. 971 
0, 902
V E L O C I T Y  
C M / S E C
5.33 4 
= . 5*6
GP iDIENT
0 . 3 2 ?
0 , 3 2 8
221
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5 . 9 8 1 0,3 94 5, 4c 6
6 . 2 3 9 0 , 4 4 0 6 , '-'2 1 0.70^
6 . 4 2 5 0 , 472 8 , =4 6 0,37!
6 . 667 0 . 5 0 2 6. 950 0,41.-
6. 853 0 . 5 2 5 6. 223 0. 3 4 T
7 . 1 3 8 0 , = 7 4 6 , 56 2 0 . 777
7. 71 a 0 , 4 7 3 7. 3 5 4 0 , 4 6 9
8. 001 8 . 7 2 ? 6^ 3 0 , 5 0 0
5 . 1 2 2 0 , 7 2 8 8. 203 0.5 6 =
8.551 0, TO-’ 8 . 567 0, F 2 9
5 . 97 1 0. 879 3, 971 0 , 4 8 0
1 0 . 1 5 7 1 , 0 9 6 9. 205 0. 716
1 0 . 3 1 2 1 . 1 4 2 9. 577 0,7-71
9. 5 3 7 0 , Q7« 9. 9 4 1 0 , 8 1 9
1 0 . 5 0 6 1 , 1 8 0 1 0 , 5 0 6 0 . 0 1 6
4 . 08 1 0 , 2 0 7 1 0 . 9 5 9 C . ooo
3. 394 0,16? 11.715 1 . 0 = c
3 . 2 3 3 0. 1 44 1 1 . 7 5 9 1,132
2. 66 7 0 . 0 9 2 1 2 . 2 0 4 ? . 2 I 0
2. 42 5 0. 0 7 5 17 . 8 2 0 1 , 5 4  =
2. 32 8 0 . 0 7 2 14 ,35 6 1,668
1 . «IS 0 . 0 5 2 1 5 . 2 3 4 1.581
1 . 6 1 6 0 . 0 4 6 1 5 . 7 6 0 1 , 9 0 7
4 . 2 5 3 0, 233 1 6 , 4 0 6 2, 13 9
5 . 5 2 8 0 . 748 1 3 . 0 1 2 1 , 3 6 5
1 0 . 6 8 4 1 , 2 34
1 1 . 1 5 3 1 , 3 2 2
1 1 . .37 9 1 . 378 * *  X: * * * * * * * * * -^ * * * * * * * * * * *
1 1 . 7 5 9 I . ÛF-’
1 1 . 5 2 5 1,411
1 Oo 910 1 . 2 7 3
1 2 . 2 2 0 1 . 5 7 5 DM OS PHI PP
1 2 . 3 8  1 1,611
1 2 . 5 6 7 1 , 6 3 7 3 . 5 0 0  3. 110 1.6 6 7 C . 4 5 O
1 2 . 6 6 4 1 . 703
1 3 . 0 5 2 1 . 7 7 5
1 3 . 4 1 6 1 , «90
1 3 . 7 3 9 1 , 9 7 6 V E L O C I T Y GR AO I E-'iT
1 4 , 1 0 3 2. 077 C M / S 5 C
1 4o 3 4 5 156
1 4, 604. 2 . 2 1 5
1 4 . 7 9  0 2 . 2 8 0 1 9 , 1 9 4 1, 652
14. 9 5 1 2. 3 39 1 9 . 6 7  9 1 0 «97
4. 44 5 0. 2 4 7 1 9 . 5 1 8 1 . 8 1 6
5.01 1 0. 28? 1 9 , 3 5 6 1 , 7 4 8
* * * * * * * * * * * * *  * * * * * * * * *  **
D M  D S  PHI PP
2.008 2 . 2 0 0  1.750 0 . 4 2 2
V E L O C I T Y
CV/SFC
G R A D I E N T
2 . 4 2 5 0. 055
2. 529 0. 07 1
7. 237 C. 1 00
4, 057 0, 152
3 . 4 3  = On 1 1 3
3. 71 8 0. 1 26
4 , 445 0, 18 4
5 . 0 1 1 0. 229.
1 9 . 2 7 5  
1 9 . 1 3 0  
1 8 . 6 6 9  
1 8 . 3 8  6 
1 3 . 1 2 8  
17.-^64 
1 7 . 2 1 4  
1 7.521 
1 6 . 9 8  0 
1.6. 754 
1 6 . 5 1 0
1 5 . 3 4 0  
1 5 . 4 2 0  
1 5 . 0 1 6  
1 4 , 78 2 
142 
94 1
5 7 7
■=»35 
310 
5 1 7
830
14 , 
13. 
1 3. 
1 3. 
• 2. 
1 1 . 
10,
1 0 . 5'^  7 
1 0 . 2 6 4  
9. o?3
1 . 642 
1 , 584
* 5 3 2
0 506 
435 
a 377 
o 41 e
, 342 
306 
• 24F
,165. 
1 03 
1 o 048 
016 
9 = 2 
916 
876 
»45
7 0 7  
0, 628 
0, =^ 6 =
0., 4 2*» 
0, A-i’A
1, 
1 
1 
1 
1 
1 
1 
1 
1 
1
0.
0.
C.
0,
0.
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9 . 8 8 2 0 .452
■?. « 6  7 0, 4 ? -
P . 0 5 2 o . 7 4?
P . «6 9 0 , ? 7  7
« . 405 0  , 34?
7. 000 0. 3 1 3
7. 578 0, 290
7. 031 0 . 252
6.-337 0, 226
6. 223 c. 200
5, 77 8 0 . 1 7 7
5 . 5 4 4 0, 1 52
« . 1 3 2 0, 1 35
4. 6 4 7 0. 1 1 0
4 , 203 0. 0 9 4
3 . 7 8  2 . Û. 0 7  4
2. 8 2 9 0. 052
? . 020 0 . 04?
1 2 . 0 2 6 0. 5 9 ?
VE L O C r  TV
c M / s - c
r;c i r., t
* * * * * * * * * * * * * * * * *  ***jp* **
OM OS PHI •30
360 5 . 3 9 0 1.560 C,
V E L O C I T Y  
C M / S « C
G P A O  TEN-
2 . 1 2 7 0. 012
2 . «36 0. 023
3. 544 0. 0 35
4, 253 0. 0 4 7
4, 96 2 0. 07?
5. 67 1 0 0 039
6. 380 0. 107
7. 00 9 0. 134
«. 86 1 0. 1 98
1 0 . 6 3 3 0, 291
1 2 . 7 6 0 0, 390
1 5 . 4 8 9 0 . = 77
2 . 1 2 7 0. 010
2. 33 6 0, 0 2 6
3. 5 4 4 0. 0 3 9
4 , 2 5 3 0. 0 5 5
4 . 9 6 2 0. 073
5 . 6 7  1 Oo 099
6. 330 0. 100
7. 0 8 9 0. 1 39
a .  951 0, 1 0 4
1 0 . 6 3 3 0. 27 0
1 2 . 7 5 0 Oo 333
1 5 . 4 0 9 01 6 0 9
1 . 4  1 c 0  . o.?<-
2 . 1 2 7 0  , c ? «
2, «36 0 , 1 1 :
3. 5 4 4 0 . 1 ? «
4 . 2 = 3 Oo ? A =
4 . 9 5  2 0 , 35 =
5. 67 1 0. 45 8
5 . «80 0, « 74
7. 089 0 ,6 « «
8. «0 7 Oo 0 7  =
1 0 . ?0« 1. 7 0 c
1 1 , 7 5 7 1 0
1 . 4 1 ° 0, 02 =
2 . 1 2 7 0. 07-:’
2 , 9 3 6 0 . 1 2?
3, 5 4 4 0 , 226
4. 2 5 3 Ho 287
4 . 96 2 0, 37?
5. 67 1 Oo 4 6 ?
6 . 38 0 0. 54 =
7. 08 9 0 . 70°
« . «07 1 .0 3!
1 0 . 2 0 8 I. 38 4
3 1 . 7 6 7 1 0 0 * 7
* * * * * * * * * * * * * * ! * * * * V * **
O M  ns PHI op
1.590 1 .590 1 .520 0. 3 6d
* ** ** * * * * * * * * * * * * * * * * * * *
ç V n s ° H  î  o p
1 . 6 7 0  1 . 5 5 0  1. 9 ^ 0  0 , 4 3 5
V E L Q C T  TY 
C M / S E C
1. 4 1 9
2. 127 
2 . 0 2 6
3. 544
4. 25 3
4. 952
5. 671 
6 . 38 0 
7, 039 
0. «0 7  
9 . 9 2 4
1 . 4 1 9  
2 . 1 2 7  
3 . 8 3 6  
3. 54 4 
4 , 2 5 3  
4 . 96 2
5. 67 1 
6 , 300 
7. 099 
0 . 507 
9. 924
GP 40 1 5 NT
0 , 0 4 ?  
0, 084 
0 . 1 5 -  
0 , 2 4 3  
0. 343 
0 o 4 4 8 
0 . 5 7 9  
0. 739 
0. «92 
1 . 2 4 2  
1 . 7 1 3  
0 , 0 4 2
00 009 
0 . 1 4 9  
O, 25-' 
0 , 3 7 3  
0 . 4 9 ?  
0 . 6 4 0  
0, 80 3 
0. 961 
1.331
1 , «64
* * * * * * *  * * * * * *  **** ******!
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O M  D S  PHI PP
0 , 7 9 0  0. 6 9 0  2 . 2 7 0  0 . 4 7 2
V E L C C I T Y  
C M / S E C
G P A D  I ENT
1 . 4 0 4 0,0 63
2. 1 05 0. 187
2. 8 0 7 0 , 3 0 4
3. 50 9 O; 500
4. 21 1 0, 695
4 , 9 1 2 0. 371
5 . 6 1 4 1 . 1 1 3
6. 31 6 1 , 4 1 7
7. 3 6 9 1 . 86 7
1 . 40 4 .. 0, 0 6'3
2 . 1 0 5 0. 189
2, 80 7 0, 30 4
3. 5 0 9 0, 504
4.21 1 0, 693
4 . 9 1 2 0 . 8 4 0
5 . 6 1 4 1. 0 1 3
6. 31 6 1 , 360
7. 3 6 9 _ __.i_._a 27,.
* * * * * * * * * * * * *  * * * * * * * * *
DM D S  PHI PP
A , 260 E . 39 0  1.560 0, 4 1 5
V E L Q C T t y
C M / S E C
9 . < 0 3  
9. 69 3 
9 . 1 1.6 
9 , 1 1 6  
9c 59 7  
e. 59 7
9 . 0 3 1
9 . 0 3 1  
7. 399 
7. 399 
6. 20 9  
6. 30 9  
5 , 9 9  1 
5. 98 1 
4, 8 7 6  
4 . 3 7 6  
4 , 2 2 4  
4. 2 2 4  
3, 315 
3 . 3 1 5  
2. 60 9 
2o 609 
2 .272 
2 . 272 
1 . <31
•GR ûO I E^ .'T
4 1 7
4 14 
363 
3 7 3  
330 
340 
291 
294
2 4 9
250 
12 3 
195 
1 64 
l 6 1 
12 2 
1 1 3 
0Q6 
087
050
05 3 
0 39 
03 3 
0 30 
022 
020 
017
1.12 3
1.12 3 
1 . 64 1
1 . 64 1
2 . 566
2. 566 
3 , 1 5 5  
« . 155
4, = 0  7
4. 50 7
5 . 4 0 0
5 . 4 0 0  
6. 362
6, 36 2 
6 . 64 1 
6. 6 4 1
11. <=44 
1 1 . 9 4 4  
1 1 ,37 2 
1 1 . 37 2  
9 . 2 7 6  
Q. 276
3. «92
а. =92 
° . 03 =
7 . 5 1 2
7 . 5 1 2
б . 9 8  8 
6 . 98 8 
6 . 4 2 7  
6 . 4 0 7
-67015""
6 . 0 1 5
5. A 54 
5 . 4 5 4  
9. 693 
9. 6 9 3
9 . 1 1 6
9 . 1 1 6  
8 . 5 9 7
а. 59 7
8.031
8 . 0 3 1
7. 3 8 9  
7 . 3 9 9
6. 309
б. 30 0  
5. 8 8 1  
5. 88 1
876
£T f= r? -6~
4. 224 
4. 22 4
3 . 3 1 5
3 . 3 1 5  
1 . 64 1
2. 566 
2. 566
3 . 1 5 5
3 . 1 5 5  
4. 5 0 7
4, 5 0 7
5. 40 0
5, 40 0
6. 362 
6 . 36 2 
6. 64 1 
6, 64 1
î 1 , 9A 4 
1 1 . 9 4 4
0 . 0 1 ^ 
O, r n -  
0 , 0 3 5
0 . 0 2 c-
3 =
0 29
0 5 <  
0 ° 0  
0 , 0 9 ?  
0. 1 1
1 1 = 
16? 
164 
1 85 
1 8 : 
5 8P 
A 1 C
0
0 3
O,
0
0,
Oc
0.
0
o.
Do 
O, 
0. 
Oo 
0. 
0, 
0 . 
0 o 
0, 
D. 
0 . 
0 . 
n . 
n . 
0 > 
0, 
0 .■
i
572
560
369
384
321
337 
28 ? 
252 
262
21 5
22 = 
187 
196 
i 5  =
723
2 7 7
0,
O,
0.
0 , 1 6 6  
Oo 1 3.1 
0. 1 3« 
0. 3 7 0  
0. 397 
Oo 32? 
0 , 75 6 
0. 29 = 
Oo 
0.
Oc 2 8 7  
0, 2 3 «  
0. 23 9  
0 . 1 7 6  
177 
1 53 
159
-S-rii?
0 . 0 6 7  
0 , 0 3 8  
0. 056 
0. 053 
0.022 
0 , 0 3 3  
0, 0 74 
0 . 0 4 7  
0 , 0 5 0  
0. 080 
0.0°? 
0 . 1 0 6  
C. 1 20 
1,14?
,15 4 
>,159 
,, 1?? 
53 = 
57 4
0' 
0 
0' 
0: 
0 , 
0
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1 1 . 372 0. 4 9  = 7, 04 4 0 , 2 3 4
1 1 •37 2 0 , r « Û ' 7 , 04 4 0 . ? 3 1
9. 276 0 , 2 4 ° < o « p 6 0 , 2 : 2
9. 276 0 , 3 6 =  ; 6 . 5 5 6 0 o = n ?
8 • 5=2 0 . 3 0 3 6. 05 5 9 . 1 7  =
8. «92 0 , 3 1 3 6. 055 9. 1 7,?
8.0 35 0 , 2 6 ? = .«14 C. 150
3. 035 0, 283 5 , 5 1 4 Oo 1 43
7 , 5 1 2 0, 23? 4 . 920 0 . 1 2 2
7 . 5 1 2 0.251 4 . 020 0 . 1 1 7
6. 98 3 0 , 2 0 5 4. 4P 7 0. 1 90
5. 98 3 0, 2 1 < 4, 4 3 7 0 . 0  = "'
6. 4 2 7 0.191 I 2. 164 0. 6«o
6. 427 0 . 1 8 9 12. 164 0, 6=5
5. 98 3 0 . 1 5 4 1 2 , 4 3 8 0. 6<9
6 . 0 1 5 0, 5. 6 0 1 2 . 4 8  9 0 . 6 7 0
5 . 4 5 4 0. 1 2< 1 2 , 7 3 6 0 . 7 9 "
5 . 4 5 4 0 , 1 3 2 1 2 . 7 8 6 0 , 7 1 7
2. 509 0 , 0 3 3 1 2 . ? 3 7 9.7?--;
2 . 50 9 0 . 037 1 2. =37 0 , 7 4 ?
2. 272 0. 0 2 4 1 3 . 3 5 3 0, 7 = 0
2. 272 0, 028 1 3 . 3 5 3 0 , 7 6  =
1.631 0 , 0 1 7 7 . 1 5 ? 0 . 2 3  8
1.631 0. 021 7 . 1 = 2 0 . 2 4 0
1 . 1 « 3 0 , n 1 F 6 . 54 1 0. 203
1 . 1 2 3 0, 006 6. 541 0.201
6 . 2 1 7 9.1=3
6 , 2 1 7 0 , 1 8 6
* * * * * * * * *  * * * * *  ***** ** = .9 4 7 0 . 1 6 8
5. 94 7 0 . 1 6  =
5. 676 0 . 1 5 6
5 . 6 7 6 0 . 1 5  =
M DS PHI ,PP 5. 406 0 , 1 4 ?
= . 406 0. 1 45
36 0 5 . 3 9 0 1. 560 0. 420 4. 96 6 0 , 1 1 5
4. «66 0 . 1 1 6
4. 27 1 0. 0 = 0
4 . ,27 1 0, 092
V E L O C I T Y GF AO I ENT 3 . 3 9  2 0. 077
C M / S E C 3. 392 0 . 0 7 3
3. 246 0. 058
3. 246 0, 05 8
1 0 . 2 7 2 0, 475 2. 206 Oo 040
1 0 . 2 7 2 0. 4 6 9 2. 206 0 . 0 3  =
1 0 . 9 9  3 0 . 5 2 9 1 . 39 2 3. 022
1 0 . 8 9 3 0. 5 30 1 , «92 0 . 0 2 2
1 1 . 2 1 2 0 . 5 3 4 1 0 . 2 7 2  • 0 . 4 4 6
1 1 . 2 1 2 Oo 540 1 0 . 2 7 2 0. 46 =
1 1 . 5 6 0 0. 55 = 10 . 3 9  3 0, 4=5
1 1 • 5 6 9 0. 590 1 0 . 8 9 3 0 , 5 0 3
1 1 . 9 7 5 0.611 1 1 . 2 1 2 0 . 5 0 7
1 1 . 9 7  5 0. 623 1 1 . 2 1 2 0 . 5 2 5
•10. 542 0. 4 9 2 1 1 . 5 6 9 0 , 5 4  =
1 0 . 5 4 2 0. 49 7 1 1 . 5 6 9 0,54 1.
1 0 . 0 0  1 0. 445 1 !.97 5 0. =74
1 0 . 0 0 1 0.451 1 1 . = 7 5 0 , 6 0 0
9. 737 0. 4P? 1 0 , 5 4 2 0. 4=3
9.-73 7 0 o 4 3 1 1 0 . 5 4 2 0 . 4 3 2
9 . 4 6  1 0 . 4 0 ? 10 .00 I 0 . 4 1 6
9 . 46 1 0, 407 1 0 . 0 0  1 0.441
9. 191 0 , 3 9 0 = .737 0,3 9 =
9.191 0. 381 9. 737 0. 4 ? 0
S. 920 0. 362 o. 46 1 0, 377
8. 920 Oo 365 «. 46 1 0. 393
8 . 6 5 0 0. 340 9 . 1 9  1 0 . 357
S. 65 0 0 . 3 4 0 9 . 1 9  1 0 . «7P
e. 109 0, lO"? 8, 0=0 0. 3 49
S. 109 0, 307 8. =20 9 . 757
7, 5 6 9 0. 267 n . 6 « 0 0.31 =
7. = 6 9 0 , 2 6 9 2 . 650 9, 3-4
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8 . 1 0 9 C . .7 8 =
6.10 = 0 , «00
7o =6 ? 0 . 2 5 7
7 . 6 P 9 . 2 6 2
7. 09 8 0,21 =
7,028. Go 277
6 . 5 2 6 0 , 1 8 «
6. 596 0 , 1=7
6. 055 0 . 1 6 2
6. 055 0 . 1 6 5
5 . 5 1 4 0 . 1 3 7
5 . 5 1 4 0 , 1 3 9
4, 920 0,311
4 , 020 0 . 1 Î €
4 . 4 9 7 0 , 0 = 3
4 , 4 = 7 0,0 = 6
1 2 . 1 6 4 0, 60 3
1 2 . 1<4 0. 633
1 2 . 4Q« 0 , 6 3 6
1 2 . 4 8 8 0, 6 6?
1 2 . 7 3 6 0 . 6 6 2
1 2 . 7 8 6 0, 6=7
1 2 . 9 3 7 0 , 6 8 0
1 2 . 9 3 7 0.721
13 . 3 5  3 0 . 7 1 6
1 3 . 7 5 3 0, 725
7 . 1 5 2 0 0 .21. 5
7. 152 C. 229
Ô . 5 4 1 0, 1 89
6. 54 1 0, 19 =
6 . 2 1 7 0 , 1 5  =
6 . 2 1 7 0 , 1 8 4
5. 94 7 0, 1 53
5. 947 0, 1 66
5 . 6 7 6 0 . 1 4  =
5 . 6 7 6 0 . 1 2 5
5. 40 6' 0 . 1 3 2
5. 40 6 0, 142
4, 966 0 . 1 0  =
4 , 86 6. 0 , 1 1 5
4, 271 0. 082
4. 271 0 . 0 8 9
3 . 8 9 2 0 . 0 7 0
3. 89 2 0 . 0 7 4
3, 246 0 , 0 5 5
3. 246 0. 056
2 . 2 0 6 0, 037
2. 205 Oo 033
1 . 89 2 0. 021
1 . 892 0 . 0 2 2
* * * * * * * * * * * * * * * * * * * * * * * *
DM D S  PHI PP
1.670 1, 5 6 0  1.920 0. 4 3 0
V F L O C I T Y  
C M / 5 = C
6o 766
6. 363 
= , «2? 
5 « PP P
G R ' D I - N T
9.611 
0. =1 0 
•9, 415 
Oo 37 =
a . 7& 7 0 , «'-) =
4 , 1 7 6 0 0 7 4 i
3,7-5 1 0 , 1 0<
- , 7P- 0 , 1 = ^
2. " 5 7 0 . 1 0 “
6.5 = 7 0 , = 6 cï
7 ,7 , 3 = , C 7 =
1,550 0 . 0 < 0
0 , 6 1 9 0 , 0 1 4
0. 552 0 , 0 1 3
0. 630 0 . 0 1 7
0 • 57 = 0,011
6. 766 Oo «80
6. 36 3 0 , 50«
5 . 922 0 . 4  31
5. 7PP n. 3 7 =
4 . 7 4 7 0 , 3 0 6
4 . 1 7 6 0 . 2 4 4
3. 73 1 0 0 1=3
3 . 7 3 7 0, 1 5 4
2 . 7 5 2 0 . 1 0 7
6 . 5=7 0 . 5 5  =
7, 22 3 0.0 = 1
1 . 55 0 Oo 0 4°
0. 6 1 9 0.01 6
0 . 5 5 2 0 , 0 1 5
0. 68 0 0, 01 2
0. 579 0 . 0 1 2
6. 76 8 0 , 5 7 7
6. 768 0 . < 1 1
6, 365 0,511
6. 365 0.551
5. 824 Oo 4 «5
5. 824 0 , 4 4 5
5. 7 3 0 0. «72
5. 2 8  9 0. 37 =
4. 79 6 0. 30 =
4 . 7 9 6 0 . 3 1 5
4 . 1 7 7 0. 24 1
4. 177 0, 24 6
3. 7 3 7 Oo 195
3. 73 2 0, 1 97
3 . 2 3 8 0.151
3. 28 8 0 . 1 5 4
2. 75 3 0 , 1 0 5
2. 7=3 . 0 , 1 0 8
6 . 5 9 9 Go 552
6. 5=9 0 , 5 6 4
2. 224 0 . 0 5  =
2. 22 4 0 . 0 9 3
1.551 0. 04P
1. 551 0, 060
0 . 6 1 3 0 . 0 1 4
0 . 6 1 9 0 . 0 1 4
0. 553 Oo 005
0. 55 3 0 . 0 1 3
0. 680 0 , 0 1 7
0, 680 0 , 0 1 3
0. 579 0 . 0 0 5
0 . 57 = 0.011
0 , 5 1 6 0 , 0 1 3
0 . 5 1 6 0 , 0 1 2
0 . 582 0 . 0 1 ?
0 . 582 0,011
0. 63 7 0, 07Q
0 . 6 3 7 0 . 0 1 7
0 . 1 3 0 0, 005
0 . 266 0. 00"'
6, 7AÇ 0 . 5 7 1
6. 768 0 . 5 « 0
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5. 924 
5. 974 
5. 299
5, 29 = 
4, 7= 6  
4 , 79 6
4 . 1 7 7
4.177
3. 7,3 2
3 . 7 3 2  
3. 296 
3 . 7fl ç 
2. 753
7 . 7 3 3
6. =9 9 
6. 39 = 
0 . 6 1 9
■■'fcseo 
0. 680 
Q. 57 ?
0 . 579
1 . = 5 1 
1 . 551
0 î = 0  4  
0 , = 1 « 
0 . 4 -  1 
0  o 4  4  c
0. 3 63 
0 ,  37F 
7 0 <  
31 5
2  3 ?  
7 4 6  
1 9 3 
1 =9 
1 5 0  
0 . 1 5 4  
0 , 1 0 7  
1 0 7  
5 A c 
«59 
0  1 6  
0  1 6  
r o i 2"
0 o 0 1 = 
0. 0 0 2 
0 , 0 1 2  
0 , 0 4 1  
0 »  0 4 6
V'- L  =  C I  "  Y
C * V S 3 C
'■? î «l'.T
0 
0 .
Oo
o
0 o 
0,
0 .
Oo
0.
00 
0.
0.
01
* * * * * * * * * * * *  * * * * * * * * *
D M DS PHI PP
360 5 . 3 9 0 I , 56 0 0.<
VELOCI TY- G P A D  I ENT
C M / S E C
2 7 . 3 9 5 2 . 4 2 7
2 4 , 4 3 4 1 . 9 5 4
2 2 . 1 7 9 1, 625
1 8 . = 6 0 1 . 7 0 .7
16 . 2 7  1 0. 879
1 3 . 0 3  9.- 0. 584
1 0 . 9 7 4 0 . 4 1 4
8 . 1 4 9 0,221.
5. 433 0. 095
2 5 . 6 0 2 2, 157
7 7 , 9 2 6 1 . 7 7 0
2 0 . 4 4 1 1 a 405
1 7. 67 0 1 , 0 5 8
1 4 , .37 2 0. 755
1 2 . 2 2  4 0. F 1 2
9. 372 0. 303
6. 7 9 1 0, I 66
29.
29, 
26 ,
25. 
2 3. 
22. 
2 0, 
1 =. 
1 «o 
17. 
1 =.
26. 
27, 
25. 
23. 
21 o 
2 0, 
1 9. 
1 7. 
16. 
1 5 . 
32. 
30o 
30 . 
27, 
74, 
2 2 . 
1 = 0  
16. 
13. 
1 1 •
e.
5o
30.
337
0 9 7
70 2 
7=6 
904 
24 7 
78 0 
639 
3=6
1 î 3
076 
522 
300 
90 6 
184
731 
31 = 
60 7 
792
2 4  4
07 6 
40 7 
92 0 
152 
69 0 
271 
546 
123 
6.51
71 8 
341 
14 = 
43 3 
152
1 . = 7 -3
\ O <63
1 , F 7 1
1 o 37 =
1 o 2  2 0
1 . 0 7  1
0 , = = .7
0 <*«50
Oo 7 1 0
0, p 0 =
Oo 430
1 o 7 ! A
I . c q 3
1 0 471
1. 161
1 o 0 35
0 . 9 2?
Oo 776
0 o 707
0 .
C o Ac =
5 . 1 7 7
1 . 9 3 ?
2 , 24 3
1 . 91 9
1 o 4=9
1. 29 =
0 , = 50
0, 72 =
0. 500
0. 33 5
0 o 1 80
0, 066
2. 29 0
:** * **■!* * * * * * * * * * * * * * * * * f **
C M  O S  PHI PO
1. 6 7 0  1 . 5 6 0  1.920 0.4 50
V E L O C I T Y  
C M / S E C
G = A O l E N T
* * * **** ** * * * * * * * *  «* * * *  *X:
DM  D S  Pwi PP
4 . 3 6 0  5 . 3 = 0  1 . 5<n 0, 5 2 0
1 6 . 2= A 2 , 0 6 4
13. = 8 2 1 . 4,8 5
1 1 .952 1 0 1 59
10. 051 0. 807
9, 100 0. 67 0
9. 42 1 0 . 57 =
6. 7= 1 0. 38 7
5 o 56 = 0. 75c
1 8. 78 I 2. 575
1 6. 977 2., 0 = 3
17. 3« 5 2. .7 «5
1 6. 027 1 . 7 4 F
15. 040 ! , A Ç O
13, = 35 1 ,573
1 7, 5« 2 1 n i: 4-7
12. 4=6 1. 7 = 1
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1 t o 0?<= 1.01 = A ,.210 O . 1 « 5
1 7,231 7 , 6 0 2 2 . 7 1 6 0 , 1 =0
1 6 . 6 2 4 2 , 1 5 4
1 4 , 6 5 9 1,70 =
1 3 . 0 7 = 1 , 1 c 4 ****Xe * * * * * * *  ***** * * Xî Tt * *
1 1 . 1 3  7 0.9 2 4.
9. 20 9 0. 691
7 , 1 9 8 0 . 4 20
5, 59 6 0 . 2 7 4 DM DS DHI = p
2 , 7 1 6 0 , 0 7  1
1,590 1 , 5 9 0  1, - 2 0 3 30
* * * * * * * * * * * * * * * * * * *  y
V<=LOCI 7Y r,cAD I EM
C ' A / S - C
DM PHI op
.670 1 , 5 6 0 1,920 0,400 1 2 , 7 6  7 2,26'=
1 1 . 4 9 0 1.821
10 , 7 3  0 1 > < 2 4
9. 37 2 1,2 = 2
V « L C C T  TY GF AD I-NT 7 , 3 7  8 0 , 9 0 c
C M / S 5 C < . 4« 1 0 , < 3 5
4 , 5 3 9 0, 38 9
1 7 , ?4?
1 3 , 4 7 3 2. = 9 9 12,631 2 , 2 6 5
1 1 , = 4 5 2, 0 9 2 10.051 1, 562
I 0 . 5 9 4 1. 6 6 8 « . 6 9 2 1,212
0 , 5 2 8 1 , 2 9 9 7. 606 0 . ? 6 6
6. 37 2 Oo 342 6. 655 0 „ < 7 2
5 . 4 3 3 0, 49« 7 , «0 5 O', 22 =
3 . 0 1 5 0 , 1 7 6 ? • 983 0 , 1 3 6
1 2 . 4 9 5 2, 27 1
1 1 , 1 3 7 1, 6 4 7
9 . 7 2 5 1 , 3 4 0 * * * * * * * * * * * * * * * * * * * *
8 , 2 9 5 0. 989
1 2 . 7 1 3 2, 234
1 0 . 7 3 0 1 , 576
8 . 1 4 0  . 0, 91 7 D M  D S PHI
5. 4 3 3 0 . 4 1 2
2. 95 2 0, 129 4 , 3 6 0  5 , 3 9 0 1, 5 6 0  0
* * * * * * * * * * * * * * * * * * * *  **
V r L O C I T Y GR A D l E N
C V / S E C
DM  DS PHI PP
7. 7 8 0 0, 20 1
.590 1 . 5 9 0 1.520 0 , 3 4 0 7 . 9 2 8 0 , 2 0 8
8 . 5 0 7 0,241
9. 864 0 , 2 6 5
9. 234 Oo 258
V E L O C I T Y GP AD I ENT 9, 43 1 0 . 3 2 5
C M / S 5 C 9. 59 2 0 , 3 1 2
1 0 . 1 3 4 0, 352
1 0 , 5 1 5 0 . .3 A 2
1 1 , 1 3 7 2. 4(69 1 0 . 9 7 7 0 . 4 0 2
9. 9 < 9 1 , 9 9 4 10.91 1 0. 36P
8 , 5 9 4 1 . 5 2 0 10, 9 1 1 0 , 4 3 2
6. 3 4 5 0 , 9 9 2 2 . 1 7 5 0, 030
5. 51 4 Oo 64-3 3. 05 8 0, 0 3 7
4 , 4 8 2 0 , 3 5 3 .7, 25 6 0, 040
2 , 7 = 4 ___2 . I 54 7. 7AÔ 0.0 = 0
11,00! 2 , 3 1 5 3 , 89 6 0 . 0 5 0
9. 4 9 4 1 . 7 1 9 4, 5 2  = 0, 07 =
7 , 4 7 0 1 , 0 9 6 4 , 722 0 , 0 8 4
6 . 7 1 6 0.77 2 4 . 3 7 0 0 . 0«5
5 . 4 3 3 0 , 5 9 c = , 2 2 7 C, 0 97
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TABLE 5.4 (CONTINUED)
6. 0 2 0  
6, A«6 
< . «70 
7,4 1 0
0,
0.
0.
_0-i-
1 7 1
1 4 1
141
1 3 ^
O-JI 1) o
38 0 7 , Ç ? 0  1.310 O a 4 <4
* * * * ; V - L 3 C I T V  
C M / S E C
GP AO I 7 T
CM OS PHI =p
1.670 1 . 5 6 0  1.920 0.436
V E L O C I T Y  
C M / S E C
6. 
5, 
4 . 
2.
F,
4. 
3,
3.
5, 
5.
4 .
4 ,
3 •
3. 
1 .
5,
5.
4, 
4 ,  
3. 
3. 
9.
10.
4 . 
12,
6, 
2.
«36 
96 6 
397 
51 2 
170 
176 
605 
= 2 1 
34 1 
41 2 
005 
527 
130 
<94 
284 
642 
37 C 
05 5
74 0 
43 8 
764 
054 
89 3 
319 
146 
365 
632 
530
GR A O I « N T
0. 185 
0, 7.?< 
0 , 4 9 F  
0 . 3 2 9  
0 . 1 42 
Oo 4 36 
0, 372 
0, 277 
0, 223 
0, 473 
0. 404 
0 . 3 3 4  
0 , 2 = 2 
0. 2 5 3  
C. 220 
0, 093
00 465 
0 . 4 1 9  
0, 353 
0,321 
0. 253
0, 203
1, 567
1 . 762 
0. 290
2, 631 
0, 786 
0. 155
4 6 .
4 4 o 
37. 
32.
23, 
46 . 
40. 
35. 
30.
24.
47.
678 
00 5 
«65 
1 = 0  
6 7 3. 
21 9 
48 8 
5F F 
274 
93 = 
754
1 . 5 8 0 
1 . « 1 0 
0 . = 8 1 
0, 7 1 -r 
0 , 3 9  = 
1 , 4 2 7
1 , 1 1 5
0 , B< = 
0 . 6 4 1  
0 . 4 4 9  
1 , 5 1  =
* * X: * * * * * * * * * * * * * *  A X; X:
%r******** * ** * * * * * * *  *** **
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TABLE 5.7
PIEZOMETRIC HEAD VARIATION ALONG 
THE INTERFACE
HMR
^W _ L _
HMD
TP = Wave Period Csl 
HI4R = Maximum Run-Up Ccmi 
HMD = Maximum Rush-Down Com)
Relative Dimensionless; Piezometric Head [ C4>/xx) - H.] At
Time X
t/TP 0 1 2 3
0.0 0.0 -0.11 -0.15 0.0
0.1 0. 0 -0. 06 -0.17 -0.11
0.2 0.0 0.07 -0.10 -0.16
0.3 0.0 0.28 0.03 -0.16
0.4 0. 0 0.25 0.17 —0. 05
0.5 0. 0 0.10 0.20 0.17
0.6 0. 0 -0. 04 0.16 0.31
0.7 0.0 -0.09 0.08 0.31
0.8 0.0 -0.12 -0. 02 0.26
0.9 0.0 -0.14 -0.11 0.16
1.0 0. 0 -0.11 -0.15 . 0.0
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TABLE 6.3
GENERAL COMPARISON OF NUMERICAL AND 
EXPERIMENTAL RESULTS 
CRUNS 1 TO 101
Experiment Model 
Mean :Xj^  35.4 7 36.. 11
Standard Deviation:S 8,68 9.46
Data Points:n^ 86 86
F test results ;
tan 8 = = 1.09 or 6 = 47.48
"-2
= 0.05 < 2.576
Therefore thé difference between the model and the 
experiments is insignificant.
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APPENDIX G 
COMPUTER PROGRAMME LISTING
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' F.XCC 
'Gü . SY S I N 
Jûb üATFI 
u I MF rtS 
•J 1M f. N 6 
U IM7 No 
ü I MF.NS 
L> IMENS 
D I ME NS 
D 1 MENS 
O IMENS 
D I M E N S  
D IMENS 
D IMENS 
0 IMENS 
0 IMENS 
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
= C M M Ü N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N  
C O M M O N
v/ATFI V
DO *
V R 1 2 3 0 0 L 0 2 J  
U N  O ( 1 D ) , C ( 
U N  I ( 4 S ) , J ( 4  
ION X O C ( 7 ) , IN 
I UN B (4 b ) ,U (4 
ION A G R A O E (45 
ION W (24.) , A(2 
ION PN{ 34. ) , PM 
ION A 11 ( 3) , A2 
ION X C O L ( l b ) ,  
ION IN0D(3) 
ION N E R (7,3), 
ION XCENT( 4.5) 
ION A P 0 C ( 1 6 , 7  
/ C M N l / I ,J ,K, 
/ C M N 2 / X ,Y 
/ C M N 3 / S M H  
/ C M N 4 / V , C u N O  
/ C M N 5 / 8 , D  
/ C M N 6 / A R E A  
/ C M N 7 / P H I  
/ C M N 8 / N U N  
/ C M N 9 / W ,A 
/ C M N 1 0 / D P H I  
/ C M N 11/ P D C  
/ C M N 1 2 / N N ,NS 
/ C M N 1 3 / C K  
/ C M N 15/ 1ST 
/ C M N  14./0FI 
/ C M N 1 6 / N E P , N  
/ C M N 1 7 / P N  
/ C M N 1 8 / X C E N T  
/ C M N 1 9 / X 2 0 ,S 
/ CMN 20 / HO 
/ C M N 2 1 / T ,T 1 
/ C M N 2 2 / V S
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HANN'JURA
5 )  , Y Y { 15 ) , FT( 1 =>) , Ü N (  1 5 ) , CN ( 1 5  ) , PvCF ( 15 ) 
5 ) , K { a S ) , X U ( 3 4 ) , Y O ( 3 4 ) , X ( 3 4 ) , Y ( 3 + )
OEX( 7, 4. )
5) , AR = A( 45) ,A A R H A ( 45) , 3 1H( 3.3 ,45) 
) , V ( 4 3 ) , C O N 0 ( 4 5 ) , C K ( 4 5 ) ,C O N (13)
4 , 2 4 ) , ay I (34) , Phi 10 (24) , D Ph I ( 2 4 ) , o O ( 2 4 )
(7,4), YM ( 7 , 4 ) , P H ( 7 ) , P C (7 ) ,P D C (7)
2( 3 ) ,T 1 1 (3), T2 2 ( 3) ,T O (3)
X F E ( 7) , 3 ( 7 )
N E L ( 7 , 3 ) , M R ( 7 ) , M L ( 7 ) , A C U N ( 7)
,Y C E N T ( 4 5 )  , A C Z ( 3) ,O C Z ( 3) , C M Z ( 3)
) ,AACON( 16,7)
NE
, A C , 3 C
♦ NR.NSC, I N D E X
EL » M R ,M L , A C O N
,Y C E N T . A C Z , B C Z  
1 1 ♦ S22
T 2 . T P
ALT = 
HMR = 
HMD = 
HT = 
S I T A  = 
HO = 
X T  = 
XT I =
D x  =
D T  = 
N = 
XF  = 
NT = 
NS = 
U A N D  
C A N D  
YY =
p d c f =
TT = 
T = 
C M  = 
.AC •= 
BC  =
c m o  =
C C M  •= 
V S  = 
N E  =■ 
N N  = 
N U N  = 
NNI = 
XO =
Yo = 
I ST = 
TP =
E M B A N K M E N T  TOP W I D T H  
M A X I M U M  R U N - U P  H E I G H T  
M I N I M U M  R U S H - D O W N  HE I G H T 
E M B A N K M E N T  H E I G H T  
E M B A N K M E N T  S L O P E
M E A N  W A T E R  L E V E L  
T O T A L  L E N G T H  OF TH E  BED 
I N I T I A L  I N T E R N A L  D O M A I N  L E N G T H  
S P A C E  i n t e r v a l  
T I M E  I N C R E M E N T  
N U M B E R  OF S P A C E  I N T E R V A L S  
F I R S T  S P A C E  I N T E R V A L  
T O T A L  N U M B E R  O F  I N T E R V A L S  
T O T A L  N U M B E R  O F  S T A T  I O N S (N O D E S ) ;
U N  = D A R C Y  V E L O C I T Y  
C N  = C E L E R I T Y  
W A T E R  S U R F A C E  H E I G H T  
P R E S S U R E  D I S T R I B U T I O N  COR.RECTION 
: T O T A L  TIME
: ANY TIME ( F R A C T I O N  OF T I M E  L E S S  
: P O R O S I T Y
: F O R C H H E I M E R  C O N S T A N T  
: F O R C H H E I M E R  C O N S T A N T  ( S L O P E  )
: A D D E D  MASS C O E F F I C I E N T  
: V I R T U A L  M A S S  C O E F F I C I E N T  
: M A X I M U M  F A L L  V E L O C I T Y  
:■ N U M B E R  O F  E L E M E N T S  
: N U M B E R  O F  N O D E S  
: N U M B E R  O F  U N K N O W N  N O D E S
: N U M B E R  OF U N K N O W N  N O D E S  ON TH E  L
: I N I T I A L  X - C O O R D I N A TES 
: I N I T I A L  Y - C O O R D  INATE5 
: t o t a l  s u r f a c e  P O I N T S ;  F I N I T E  E L E M E N T  
W A V E  PE R I O D 
X20 = D I S T A N C E  TO  L A Y E R  NO. 2 A T  Y = 0 . 0
Si 1 AND S22 = S L O P E S  O F  LAYER NO. 1 AND
SEE FIG. 7.1
F I N I T E  D I F F E R E N C E  G R I D
F A C T O R
THAN O N E  P E R I O D  T I M E  )
H.S. OF T H E  O U T C R O P  P O I N T
M E S H
L A Y E R  NÛ 9 2  R E S P E C T I V E L Y
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CONSTANTS
C = 9 o 1 .
P 1=3.1416
BREAKWATER C O N F I G U R A T  ICN
So i l  c o n s t a n t s
C C M 0 = 1 .0
, R E A D  9 3 , A L T ,HT,SI TA.H Q . H M R , H M D , T P  
' F O R M A T  (7F10.5)
R E A D  9 6 , X 2 0 , S 11,S22 
D O  95 11=1,2
R E A D  9 5 , A C Z { I I ) ,SCZt I I) ,CMZ( I I )
' F O R M A T  (3F10.5)
' C O N T I N U E
X T = A L T + H T / T A N ( S I T A )
^'AXIMUM VE L O C I T Y
A C = A C Z (1)
Ü C = 8 C Z ( 1)
C M = C M Z (1)
V S 1 = - A C / ( S C # C M )
V S 2 = (A C / ( 8 C * C M ))**2.
V S 3 = (4./( (CM* #2, )«BC> )»( (SIN(SI TA) )4*2. ) 
V S = O . S O * {VS 1+S O R T (VS2 + V S 3 ))
'^a v e  c h a r a c t e r  ISTICS
H M R O = H M R  
A 1 = H M R
h m r = h o + h m r
H M D 0 = H M D
A 2 = HMD
H M D = H 0 - H M D
Tl = TP-4HMD/( HMR+HMD)
T 2 = T P - T 1
^INITE ELE M E N T  D A T A
Co n t r o l  t o l e r a n c e  f o r  t h e  n u m e r i c a l  s o l u t i o n
C M E G A = 1.3 
E P S = 0 . 0 1 
D F M = 0.01
GRID INFORMATION (F.E.J
N E = 4 5  
N N = 3 4  
N U N = 2 4  
NNI=21 
IST=7 
■ N S C = 3  
N R = N S C + 1  
N N S = 3
N I T = I S T * N R
C ONTROL V A L U E S  N E E D E D  FUR TH E  C A L C U L A T I O N  OF PDC AND CLN
N SFC=1
J C 0 R = 2
CLE M E N T S ' S  NODES
DO  35 I 1=1,NE 
Il R E A D  34, IE, I( II ) , J< II ) ,K( II )
I» F O R M A T  (4 15)
C O N T I N U E
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'|üD-«3 COÜRÜ IMATE5
0 , 70 .0 , 1 73. 0, 0 , AND 2.0 ARz C O N S T A N T S  NEC USD TD G . A N G E  THE F. E, oRlD
[J '-IG. 7.1. wrilGlNAU GRID ..AS : UN 5T4JC TE 0 F ÜR : Hu= 3 5 . ,  H T =5 5 , U , AL T =3 7 . 5 , D / S
)10PE OF 3H/2V.
D O  37 I 1 = 1 , NN
R E A D  3b, IN,X C ( I 1 ) ,Y0( I l )
F O R M A T  ( 15, 2 F 10.5)
Y0( I I ) = YÜ( I I ) =!'H0/3ü«0 '
, IF (11.18) 101,101, 102
' IF ( I I -24) 1 0 3 , 1 0 3 , 1 0 4
IF ( I 1-30) 1 0 1 , 1 0 1 , 1 0 3
' X O ( T I ) = ( X O ( I I ) - 7 0 . 0 ) 4 ( 1 7 3 . 0 - 2 . 0 » H 0 )/ 9 4 . 0 + 2 . 0 4HO
, GO  TÜ 37
’ X 0 ( I I ) = X 0 ( I I )* H 0 / 3 S . 0
C O N T I N U 5
^^MBER OF N O D E S  A S S O C I A T E D  W I T H  E V E R Y  S U R F A C E  POINT 
D O  39 11 = 1, 1ST
R E A D  33, IS, ( INDEX ( 1 1 , 1 0 ,  IC=1 ,4) , XOC (IS)
F O R M A T  (5 1 5 , F 1 0.5)
C O N T  INUE
& N S T A N T S  TO OE USED W I T H  THE U P S T R E A M  SLOPING B OUNDARY C O N D I T I C N  
=E FIG. 6 . 2
D O  86 1 1 = 1 , NSC
R ËAD 6 3 , A 1 1( I I ),A22( I I ), T 1 1( II), T22( II) ,T0( II)
F O R M A T  (SFIO.S)
A I K  II ) = A1 1 ( I I )*Al 
A 22 ( I I )=A22( I I )*A2 
T 1 1 ( I I ) = T 1 1 ( I I ) W T P  
T22( 11) = T22(I I )#TP 
T0( I I ) = T0( I I ) -7TP 
C O N T I N U E
'iode NUMBER TO B E  A S S I G N E D  TO A S S U M E  A N I T I A L  PHI VALUES F O R  R.H.S. NODES
R E A D  42, ( I N O D ( I I ) , I 1=1,3) 
F O R M A T  (315)
[CEMENTS AND S U R F A C E  N O D E S  N U M B E R S  TO BE US E D  TO C A L C U L A T E  AVERAGE 
CONDUCTIVITY AT D I F F E R E N T  L O C A T I O N  FOR THE F . d . S O L U T I O N
D O  87 11=1,1ST
R E A D  88, (NEL( I I , JJ ) ,J J = 1 ,NSC) 
R E A D  83, (NER( I I , JJ ) , JJ=1,NSC) 
F O R M A T  (315)
R E A D  8 9 , ML( 11 )
R E A D  8 9 , MR( II )
FO R M A T  (IS)
C O N T I N U E
N S T R U C T  T H E  F I N I T E  D I F F E R E N C E  GRID
A L 1 = ( H T - H O ) / T A N ( S I T A )
DX = 2 0  .0
A N = ( A L T + A L l ) / D X  
N= A N  
R A N = N
D X F =  C A N - R A N ) * D X  
D T = D X / ( 2 . 0 » S Q R T ( G * H M R ))
D T = 0 . 2 5 * D T
'^JUST FI R S T  DX
NT = N
D X F = D X r + D X  
X F = O X F  
M S=NT+1
OF TIME I N T E R V A L S / W A V E  P E R I O D
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M T 1 = TP/D T 
N F ES=NTI
''SSIG.NED n u m b e r  Ur INTERVALS TU CALL THE = IN I TE ELEMENT
JPQ AND RFE REFER TO F.D. AND F.E. C Û N T R I 3 U T I J N  TO THE H Y D R A U L I C  
RESI S T A N C E
NFEM=NTI/lfa 
R F D = 0 .50 
R F E = 0 .50
In i t i a l  c o n d i t i o n s
T =0. 0 
T T = 0 .0 
KP=0
D O  4 11=1 ,NS
U (I 1 ) = 0 .0 
YY( I I )=H0
C( I I ) = S Q R T ( G * Y Y (  II))
P D C F ( I I )=1.0 
C O N T I N U E
P R I N T  5 , T . N S , T T , X F
F O R M A T  (5 X , • T = ' ,F 6 .3,3X, 'N S = • , I 2 . / . 5 X , •T T = ' ,F6.3 ,3X . •X F = • , F 6 . 2 ) 
P R I N T  Ô I ( YY ( I I ) . I 1= 1 , NS)
P R I N T  7, (U( II ) . I 1 = 1 .NS)
F O R M A T  ( 2 5 X , ' Y Y  = ' , 1 0 F 9 . 2 , / , 2 9 X , 1 OF 9.2)
F O R M A T  (25X,' U =• , 10 F 9 . 2 . / . 2 9 X , 1 OF 9.2)
I T=NS
C O N T I N U E
T = T + D T
IF (T.GE.TP) T = T - T P
T T = T T + D T
KP = K P + 1
D O  a I 1 = 1 ,1 T-
P D C F  ( I I ) = 0 . 50* { 1 . 0+PDCF( I D )  
IF(I I.EQ. 1)GO TO 9 
IF(I I.EQ. IT)G0 TO 10 
G O  TO  11
C/S B O U N D A R Y  C O N D I T I O N  ; WATER H E I G H T
I F C T . G E . T l ) G 0  TO 12 
Y Y ( 1 ) = H 0 + A 1 * S I N ( P I * T / T 1 )
D X H = ( H O + A 1 * S I N ( P I * (T + O T ) / T l ) - Y Y ( 1 ) ) /TAN(SITA)
} G O  TO 13
Y Y ( 1 ) = H 0 - A 2 * S I N ( P I * ( T - T l )/ T 2 )
1 D X H = ( H 0 - A 2 * S I N ( P I * ( T + D T - T 1 ) / T 2 ) - Y Y ( 1 ) )/TAN(SITA) 
CN( 1 ) = S O R T ( G * Y Y ( 1 ))
1 Ve l o c i t y  a t  t h e  u / sA
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _
I C M = C M 2 ( 1)
I A C = A C Z ( 1 )
I 0 0 = 8 0 2 ( 1 )
I C C M = C C M O + 1 . 0  
K C= 1
V L = C M * ( C N (  1 ) * * 2 - C ( 1 )**2)/(G*DT* SQR T(2.) ) 
i IF (AB5(VL) .GT .VS ) V L = (A B S ( V L )/ V L )* VS
V
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
241
V R T = S Q R T ( U ( 1 ) # # 2 + V L # * 2 )
H T ( 1 ) = ( AC + ü C#  V R T ) * U ( 1 )
I F  ( TT . L T . 2 . 0 * T P ) CO TO 111  
r- T 1 = F T (  1 )
F T ( 1 ) = F T l / ( A C + 5 C 4 V R T ) * C J N ( 1 )
F T (  1 ) = R F 0 * F T 1  + F F c * F T (  1 )
'I C O N T I N U E
A V U = 0 . 7 5 * U ( 1 ) + 0 . 2 5 * U ( 2 )
ADJUST D X F
X F = X F - D X H
Ad j u s t  c m .a c .a n d 3C
* U N (  1 ) = U {  1 )  + 2 .  * (  CN ( 1 ) - C (  1 ) ) / C C M -  ( D T / C  C C M * X F )  ) * (  ( AVU- v .  ( 1  ) ) * ( U ( 2 ) - U ( 1  
X ) ) / C M + 2 . * ( C M * P D C F (1 ) * C ( 1 ) - A V U / C M ) * ( C ( 2 ) - C ( 1 ) ) + C M * C ( l  ) * C  ( 1 ) * ( P D C F ( 2  
X ) - P D C F ( 1 )  ) + G *  F T ( 1 ) * C M * X F  )
I F  ( A S S  ( U N ( 1 ) ) . G T . V S ) GO TO 1 5  
. GO T O 16
U N ( 1 ) =  ( A B S ( U N ( 1)  ) / U N (  1 ) ) * V S  
’ C O N T I N U E
V R T = S Q R T ( U N ( 1 ) * * 2  + 0 . 5 * ( V L * * 2 ) )
F F = ( A C + B C * V R T ) * U N ( 1 )
F T (  1 ) = 0 . 5 * ( F T ( 1 ) + F F )
I F  ( T T , L T . 2 . 0 * T P ) GO TO 1 1 2  
F T 1 = F T ( 1 )
F T (  1 ) =  F T  l / (  A C + i 3 C * V R T J  * C O N  ( 1 )
I, F T (  1 ) =  R F D * F T 1 + R F £ * F T (  1 )
C O N T I N U E  
C U 1 = U N ( 1)
A V U = 0 . 5 * ( C U 1 + A V U )
I F  ( K C . G T .  5 )  GO TO 1 7  
K C = K C + 1  
, GO T O 14 
 ^ C O N T I N U E  
GO TO 3
I N T E R N A L  P O I N T S
KC=1
AVI=0.5*U(I I) +0.25*(U( 1 1 - 1 J + U (  II + l ) )
ACI = 0.5*C( II)+0.25*(C(II-1)+C( I I + l )  )
CELERITY CALCULATIONS : INTERNAL POINTS
Ad j u s t  c m .a c .a n d bc
XFD=XF + ( I I-1)*DX
X22=X2 0-S11*YY(II)+S22*YY(II)
N0Z0=2
IF (XFD.LE.X22) N0Z0=1 
CM=CMZ(N0Z0)
AC=ACZ(NOZO)
. c3C=BCZ(N0Z0 )
ANOZO=NOZO 
CCM=CCM0+1.0/ANÛZO
* CN( II)=C(II)- (DT/(2.*CM*DX) )*(AVI*(C(II + 1)-C(II-1)) + 0.5*ACI*(U(II + 
XI )-U( I 1-1 )) )
CC1 = CM( I I)
VL=CM*(CN( I I ) **2-C(I I)**2)/(G*D T*SQRT(2. ) )
IF (ABS(VL) .GT.VS ) VL=(ABS( VL)/VL)*VS 
IF (KC .GT.1 ) GO TO 22 
VRT=SQRT(AVI**2+VL**2)
FT( I I )=(AC+BC*VRT)*AVI
IF (TT.LT.2.0*TP) GO TO 113
FTI = FT( I I )
FT(I I)=FTI/(AC+BC*VRT)*CON( I I).Ï
f FT( I I)=RFD^FT I+RFE^FT(I I)
\
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>3 C O N T I N U E
V O L C C I T V  C A L C U L A T I O N S  ; I N T E R N A  P J I N T S
2 U N (  I I) =U ( I 1 )“ ( DT/ (2.*CCM*DX ) ) * ( A V I * ( Ü ( I I + 1 )-U ( I I 1 ) J /C M+C V; *A C I * AC I 
X*
X< PDCF( 11 + 1)-PDCF( II-1 ) I+2.*CM*PDCF( II )*ACI * (C( I I+1)-C ( I I-l ) )+G*CM« 
X2,*DX*FT(II))
IF (AaS(UN( I I ) ) .GT,VS ) GO TO 23 
GO TO 24
: UN( I I ) = CABS(UM( II ) )/UN(I I ))*VS
' CONTINUE 
CUI=UN(II)
VRT = SORT(UN(I I )**2 + VL**2)
FF=(AC+BC4VRT )#UN(II)
F T ( I I)=0.5*(F T ( II) +FF )
IF (TT.LT.2.0*TP) GO TO 1 1 4  
FT1=FT( I I )
FT( I I )=FT 1/ ( A C+RCWRT )*CON( I I )
, FT( I I)=RFD*FT I+RFE*FT(II)
‘A CONTINUE
AVI=O.S*(AVI + UN( II))
ACI=0.5*(ACI + CN( II) )
IF (KC.GT. 5) GO TO 25 
KC=KC+1 
. GO TO 21 
) CONTINUE
YY(I I )=CN( 1 I)*CN( I I )/G 
GO TO 3
D/S BOUNDARY CONDITION , VELOCITY AT THE CORE 
' UN( I I ) =0 . 0
ACC •= APPROXIMATE VALUE FOR C .(ITERATIVE POINT METHOD)
I KC=1
f; ACC=0.75*C( IT )+0.25*C( IT-1)
h -  -   . . . . . . . . . . . . . . . . . . . . .
CELERITY AT THE CORE
[ A d j u s t  c m . a c . a n d  b c
i CM=CMZ(2)
AC=ACZ(2)
8C=BCZ(2) 
j CCM=CCMO+0.5
L •
CN( IT)=C(IT)+(DT/(2.*CM*XF) )*(ACC*U( IT-1)-CM*ACC*ACC*(PDCF(IT)-PDC 
XF( IT-1 ))-2.*CM*ACC*PDCF( IT)*(C( IT)-C( I T-l)) )
S; CC1=CN( IT )
■J
A D J U S T  CC
A C C = 0 . 5 * ( A C C + C C l  )
I F  ( K C . G T .  5 )  GO TO 2 0  
CONT  I N U ErI K C = K C + 1  
GO TO 18
C O N T I N U E
Y Y ( I T ) = C N ( I T ) * C N ( I T ) / G
V L = C M * ( C N ( I T ) * * 2 - C ( I T ) * * 2 ) / ( G * D T * S Q R T ( 2 . ) )  
I F  ( A 8 S (  V L )  . G T  . V S  ) V L =  ( AB S(  Vi_ ) /  V L  ) *  V 5 
A V C = 0 . 7 5 4 U N ( I T ) + 0 . 2 S * U N (  I T - 1 )
F T ( I T ) = ( A C + O C * V L ) * A V C
I F  ( T T . L T . 2 . 0 * T P )  GO TO 1 1 5
F T I T = F T ( I T )
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- ~ l  Î I ) = F T I T / ( A C  + DC>^VL ) * C ü M (  I T )  
= - (  I T ) = P F D » ~ T  I T + R F E * F T (  I  T )
 ^ rA;^ c
ZZ î n jZ
' P I N T  R E S U L T S
; = ( T T - 2 . 0 * T P )  3 2 , 3 3 . 3 2
C L N T I N U E
= > = I N T  5 . T . N S . T T . X F  
= F I N T  6 ,  ( Y Y  ( I  I  ) ,  I 1 = 1 , N S )
= R I N T  7 ,  ( UN ( I  I  ) ,  I  1 = 1 . N S )  
C E N T  I N U E
T O  C A L L  F I N I T E  E L E M E N T
I F  ( K P - N F E S )  4 0 , 3 0 0 , 4 0
'hE F I N I T E  E L E M E N T  I N  USE
CENTINUE 
NF55=NFES+NFEM
'Dj l s t  t h e  X - C C O R D I N A T E S
XTA=YY( I )/TAN(SITA)
XT5=XT XTA
XTI = ALT + (HT-HO)/T AN(SITA )
Y A = Y Y ( 1 )
DC 44 11=1.NUN
IF{ I I-NNI) 45,45,46
X( II )=(XTB/XTI )*(X O (II)-XT)+XT 
GO TO 44
X(II ) = (XTA/XTI )*X0( I I )
'^JUST THE Y-CQGRD INATES
Y { II ) = (XTA/XT I )*Y0( I I)
CENT INUE 
n . n n s c = n n - n s c  ■
NNSC=NNNSC+1
NL.N1 =NUN+l
DC 47 I I=NUN1 , NN
Z F( II-NNNSC) 48,48.49
X (I I ) = (XTB/XTI )*(X0( I I )-XT)+XT
GO TO 47
X {I I ) = (XTA/XT I)*XO( II)
'^JUST THE Y-COORDINATES
Y (I I )=(XTA/XTI)*Y0(II) 
CONTINUE
J u S T  T H E  Y - C O O R D I N A T E S  FOR T H E  I N T E R N A L  P O I N T S
D C  5 0  11 = 1 .  NS
I F  ( I I . E Q . l ) GO TO 5 1
A I I =  I  I  - 2
X C 3 L (  I  I  ) =  A I  I * D X + X F
G C  T O  5 0
X C C L  C l  I ) = 0 . 0
C E N T I N U E
D C  5 2  I  1= 1 . 1 ST
i = ( I I . E Q . 1 )  GO TO 5 3
x = = (  I I  ) =  X O C ( I  I  ) * X T B / 9 4 . 0
GE T O  5 2  
X = 5 (  I I  ) =  0 . 0  
C E N T  I N U E  
D C  5 4  I  1=  1 . 1 S T
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I F  ( I I . E Q . 1 )  GO T O  5 5  
I F (  I  I . 5 0 . 1 S T )  GO T O  5 6  
Ù U  5  7  J J = I , N S  
I F (  J J  .  :,c . 2  ) GO T O  5 d  
D T N = X F E ( I  I ) - X C O L ( J J  )
I F  ( J J . L O . 1 J GO T O 5 7  
' O T O = D T N
D T N = X F E (  I  I  ) - X C O L ( J J  )
, I F ( D T O / D T N ) 5 9 , 6 0 , 6 1  
' I S R = J J  
1 S L = J J -  1
R ( I I  ) = (  ( Y Y (  I S D *  ( X F E {  I I  ) - X C O l_(  I 5 R  ) ) + YY(  I SR)  * (  X C O L (  U D - X F E d D )  ) / (  
. X C O L ( I S L ) - X C C L ( I S R ) ) ) / MO  
GO TO 5 7  
' I S R = J J  
I S L = J J
R ( I  I  ) = Y Y ( J J  ) / H 0  
; GO T O 5 7  
CONT  I N U E  
GO TO 5 4  
' R ( I I  ) =  YY ( D / H O  
GO TO 5 4  
' R ( 1 I ) = Y Y ( N S ) / H 0  
C O N T I N U E
Ad j u s t  t h e  y - c o o r o i n a t e s  f o r  t h e  i n t e r n a l  n o d e s
DO 7 2  I  1=1  , 1ST  
K Y = I N D E X ( 1 1 , 1 )
DO 7 2  J J = 1 , NR 
K K = I N D E X ( I  I  , J J  )
Y (  K K ) = Y 0 ( K K ) * R ( I I )
I n i t i a l  v a l u e s  o f  p h i  a t  p a r t i c u l a r  t i m e  
I n t e r n a l  n o d e s
Su r f a c e  n o d e s  . . .  .................. ....
, P H I ( K K ) = Y ( K Y )
‘ C O N T I N U E
SLOPE NODES
I l / S  BOUNDARY C O N D I T I O N  ( S E E  F I G .  6 . 2 )
I  1 = 0
DO 6 2  J J = N N S C , N N  
1 1 = 1 I + l  
I I F  ( T - T O ( I I ) )  6 4 , 6 4 , 7 1  
T M = T 2 2 ( I  I  ) - T
P H I ( J J ) = H Q - A 2 2 ( I  I  ) * S I N ( P I / T 2 2 (  I  I  ) * T M )
1 GO TO 6 2
I F  ( T - T O (  I  I  ) +  T l l  ( I D )  1 0 9 ,  1 0 9 ,  1 f  0 
T M = T - T O (  I  I )
P H I  ( J J ) = H 0 + A 1  1 ( I  I  ) * S  I N ( P I / T 1 1 ( I  I ) * T M  >
GO TO 6 2
, T M = T -  ( T O ( I  I  ) + T 11 ( I D )
P H I  ( J J ) = H 0 - A 2  2 ( I  I  ) * S 1 N ( P I / T 2 2 (  I  I  ) * T M )
C O N T I N U E  
I  1=0
Jg
'lo
;HI VALUES FOR THE EXTERNAL INTERNAL NODES
'No d e s  u n d e r  t h e s l o p i n g  i n t e r f a c e )
LL=0 
NNE=3 
NNO=NNI+l 
NN2=NNI+NNE 
DO 41 II=NNO,NNZ 
LL=LL+1 
ID=INOD(LL)
I P HI(II)=PHI(ID)
CONTINUE 
LL=0
^HlO VALUES TO BE USED TO TERMINATE THE F.E. SOLUTION
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0  0  6 5  I  I = 1 ,  NU N 
P H I Ü ( I I ) = P H I (  I  I  )
C O N T  I N ' J E  
C A L L  S T I F F  
C O N T I N U L  
C A L L  C ' J N L R  
C A L L  A S S E M
CALL SOLVE (OMEGA,EPS)
OQ 66 I 1 = 1,NUN 
DPHI{ I I )=PHI( I I  )-PHIQ( II )
CONTINUE 
CALL DLTA
IF (DFI-DFM) 67,67,68 '
DO 69 11=1,NUN 
PHIO ( I I )=PHI( I I )
CONTINUE 
GO TO 70 
CONT INUE 
CALL PRCOR
‘'•E. RESULTS WILL BE PRINTED HERE
IFCTT'2.Q*TP) 97,93,98 
CONTINUE 
PRINT 73
= ORMAT ( //,7X,'NODE NUMBER »,3X,'X ',15X,' Y•,13X,*PHi », 13X,'PN',//) 
DO 76 II=1,NN
PRINT 77, I I,X( II ), Y (  I I ),PHI ( I I),PN(I I )
= ORMAT (1 OX, I5,4F15.3)
CONTINUE 
CONTINUE
St o r e p d c  a n d a c o n  f r o m  the 2n d . c y c l e  s o l u t i o n
IF (TT.GT.2,0*TP) GO TO 105
1 I=NSFC
IF ( II.GT.16) II=NSFC-16 
DO 106 JJ=1 ,I ST 
APOC( I I,JJ)=PDC(JJ)
AACON( I I,JJ )= ACON(J J )
CONTINUE 
V NSFC=NSFC+1 
MS CONTINUE
AVERAGE VALUES OF PDCF & CON
IF (TT.LT.2.0*TP) GO TO 108 
JJ=JCOR
IF (JJ.GT.16) JJ=JC0R“ 16 
DO 107 11=1,1ST
PDC( I I)=0.5*(PDC( I I )+APDC(JJ, II))
ACON( I I) = 0 .5*(ACON(I I )+AAC3N(JJ,11))
CONT INUE
JCQR=JC0R+1
CONTINUE
VAUES OF PDCF TO BE USED WITH F.D. SOLUTION
'Co n d u c t i v i t y  v a l u e s  b a s e d o n t h e f .e . s o l u t i o n
DO 78 11 = 1 , NS 
IF ( I I.EQ.l ) GO TO 79 
IF ( 11 , EQ .NS) GO TO 80 
DO 81 JJ=1, 1ST 
i5 IF (JJ.GE.2) GO TO 82 
I  DTN=XCOL( I I )-XFE(JJ)
;,!) IF (JJ.EQ.l) GO TO 81 
f DTO*DTN
DTN=XCUL(II)-XFE(JJ)
IF (DTO/DTN) 83,84,85 /
ISR=JJ 
ISL=JJ-1
PDCF( II) = (=DC( ISL)*(XFE(ISR)-XCOL(II) )+PDC( ISR)*(XCuL( I I)-XFE(ISL) 
. ) )/(XFE( ISR )-XFE( ISL) )
C O N (I I ) = 1,0/( (ACÜNC ISL)*(XFE( ISR)-XCJL( II))+ACON( ISR)*(XCOL( I I )-XF 
.E(ISL)))/(XFE(ISR)-XFE(ISL)))
GO TO 81 
I SR=JJ 
ISL=JJ
îiH
J
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
246
P D C F ( I I )=PDC(JJ)
COM( I 1 ) = ACJN(JJ)
G Ü  TO 3 1 
iC TO 31 
C ONTINUE 
GO TO 78 
PDCF( I I )=PDC( 1 )
CON{ I I)=1 .0/ACJN( 1)
GO TO 78
PDC F ( I I )=PDC( 1ST)
CON( I 1 )=1 .0/AC0N( 1ST)
> CONTINUE
FINITE DIFFERENCE TO BE CONTINUED 
' CONTINUE
PREPARE FOR ADVANCEMENT
Ch e c k  t h e f i r s t  s p a c e  i n t e r v a l
I F ((XF-DXH)-DX)26,2 7,27 
^F l e s s  THAN DX : NO. OF NODES SHOULD BE DECREASED
Ad j u s t  x f
' XF=XF+DX
Ad j u s t  t h e  t o t a l  n u m b e r  o f  s t a t i o n s  ( n o d e s  )
NS=NS-1
Ad j u s t  a r r a y  n u m b e r s
ELIMINATE a r r a y  NO. 2
DO 30 I 1=2,NS 
CN( I I )=CN( I 1+1 )
UN( I I )=UN ( I 1+ 1 )
PD C F { I I) = PDCF( II + 1)
IF (TT.LT.2.04TP) GO TO 30 
CON( I I ) = CON(I I+l )
CONT INUE
I . — . — . — . — —
GO TO 28
GREATER THAN 2.*DX : NO,OF OF SURFACE NODES SHOULD bE INCREASED
' AM=(XF-DXH)/DX 
M = AM
IF(AM.LT.2,0) GO TO 28
Ad j u s t  x f
XF=XF-DX
Ad j u s t  t h e t o t a l  n u m b e r  o f s t a t i o n s  ( n o d e s  )
NS=NS+(M-1)
Ad j u s t  a r r a y  n u m b e r s
EW a r r a y  NO . 2
NSX=NS 
LIMA=NS-2 
00 3 1 11=1,LI MA
CN(NSX)=CN(NS-11)
UN(NSX)=UN(NS- I I )
PDCF(NSX)=PDCF(NS-I I)
IF (TT.LT.2.0*TP) GO TO 117 
CCN(NSX)=CGN(N3-II)
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*7 CONTINUE 
')£X=NSX-1
‘ C O N T I N U E
JN(2)=J.5J«(UN(1)+UN(:))
C N ( 2 )  = ( C N ( 1 ) *  C n ( 3 ) * C n ( 3 ) ) * *  Ü . J 33  
PDCF (2 )=SC.d( PJCF( 1 J«poCF(3) )
IF ( TT ,l_T . 2 .0 *TP ) GO TO 2 3 
C O N ( 2 ) = 0 . 5 0 * ( C O N  ( 1 ) + C C N (3))
XF IS OK. ; NO. OF NODES WILL STAY THE SAME 
 ^ CONTINUE '
I T=NS
REPLACE OLD VALUES
DO 29 I 1= 1, IT 
C ( I I ) = CN( I I )
U ( II )=UN(II)
' CONTINUE
IF (TT-(3.0*TP)) 200,200,100
k
’o C O N T I N U E  
S T O P  
E N D
Fo r m u l a t i o n  o f  t h e  s t i f f n e s s  m a t r i x  (s t .m a t .(h ) ; s m h c i .j .i e ) )
Se e f l o w  c h a r t  s t i f f  a n d  a p p e n d i x  a
s u b r o u t i n e  s t i f f
D IMENS ion a (45 ) ,0{45) .A A R £ A { 45), S M H ( 3.3,45) , X( 34) ,Yl 34) , I (45)
D I M E N S I O N  J (45 ) , K (45) ,AREA( 45)
C O M M O N  / C M N l / I ,J ,K ,NE 
C O M M O N  / C M N 2 / X , Y 
C O M M O N  / C M N 3 / S M H  
C O M M O N  / C M N 5 / 8 ,D 
IE=1
C O N T  INUE 
I R = I ( IE)
JR=J C IE)
K R = K ( I E )
3 { IR )=Y( J R ) - Y ( K R )
B (JR) = Y ( K R ) - Y ( I R )
3 < K R ) = Y (  IR)-Y (JR)
D ( I R ) = X ( J R ) - X ( K R )
D {J R ) = X ( K R ) - X ( I R )
D ( K R ) = X ( I R ) - X (J R )
'AAREA( I E ) = X ( J R  ) * 0 ( J R ) + X ( K R ) * B ( K R ) + X ( l R ) * B ( IR)
AREA( IE) = A B S ( A A R E A (  I E ) )
M0=1
I R= I ( IE )
I C = I ( IE)
IRN=1 
I CN= 1
SMH( IRN, I C N ,I E ) = ( B ( IR>*8( I C ) + 0 ( IR)*0( IC) )/AR E A ( I E )
GO TO (1,2,3, 4 , 5 , 6  ) ,M0 
IC=J(IE)
I CN=2  
G O  TO 8 
M O = M C + 1 
G O  TO 7
SMH{ ICN, IRN,IE ) = SMH( IRN, ICN, IE)
I C=K(IE)
I CN=3 
G O  TO  8
S M H ( I C N , I R N , I E ) = S M H ( I R N , I C N , I E )
IC=J(IE)
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IR=J(IE)
I CN=2 
I KN=2 
ÛC TO j 
• I C=K( Id )
I CN=3 
GC TO d
SMH{ ICN, IRN, IE ) = SMH( IRN, ICN, IE)
IR=K(IE)
I RN = 3 
GO TO a
IF ( lE-NE) 9, 10, 10 
IE=IE+1 
GO TO 100 
CONTINUE 
RETURN 
END
jON-LINEAR CONDUCTIVITY AND NON-LlNEAR CDErFICIEMT
FLOW CHART CONLR AND THE GENERA LIZZ A TI ON DF THE MOO EL (CHAPTER 7)
SUBROUTINE CONLR
D1 MENS ION I(45)fJ(45),K(45),Ü(45),D(45),AGRA0E(45),v'(45),CCND(A5)
D IMENSION CK( 45),X(34),Y( 34) ,AREA(45) , PH I (34) ,AAR£A( 45)
DIMENSION N E R (7,3),NEL(7,3),MR(7),ML(7),ACON(7) 
d i m e n s i o n  INDEX(7,4)
DIMENSION XCENT(45),YCENT{45) ,ACZ(3) ,BCZ(3) ,CMZ(3)
COMMON /CMNl/I,J,K,NE 
COMMON /CMN2/X,Y 
COMMON /CMN4/V,C0ND,AC,BC 
COMMON /CMN5/6,D 
COMMON /CMNÔ/AREA 
COMMON /CMN7/PHI
c o m m o n  /CMN12/NN,NS,n r ,NSC,INDEX 
COMMON /CMN13/CK 
COMMON /CMN15/ÎST
COMMON /CMN16/NER,N EL,MR,ML,ACON 
COMMON /CMNIB/XCENT,YCENT,ACZ,BCZ
COMMON /CMN 19/X20 ,511, S22 . .. _
COMMON /CMN20/HO 
COMMON /CMN21/T,T1,T2.TP 
COMMON /CMN22/VS 
1E=1
CONTINUE 
I R= I ( I E )
JR=J(IE)
KR=K(IE)
a ( IR )=Y(JR)-Y(KR) 
a ( JR)=Y(KR)~Y( IR)
B(KR)=Y( IR)-Y (JR)
D( IR ) = X(JR)-X(KR)
D ( JR)=X(KR)-X( IR)
O(KR )=X( IR)-X(JR)
AAREA(IE)=X(JR)*8(JR)+X(KR)*b(KR)+X(IR)*B(lR)
AREA(IE)=ABS(AAREA(IE))
GRAOX=B( IR)*PH I ( IR)+B(JR)*PHI(J R )+8(KR)*PHI (KR)
GRADY=D( IR)*PHI( IR ) +D(JR)*PHI(J R )+D(K R )*PHI (KR)
AGRADE(IE)=SORT(GRADX**2+GRADY**2)/AREA(IE)
GRAD=AGRADE(IE)
IF (GRAD.GT.1.0) GRAD=1.0 
XCENT( IE) = (X( IR)+X(JR)+X(KR) )/3,0 
Y CENT(IE)=(Y(IR)+Y(JR)+Y(KR))/3,0 
X22=X20+S22*YCENT(IE)
NCZ0=2
IF(XCENT(IE).LE.X22) N0Z0=1
AC=ACZ(N0Z0)
BC=BCZ(NOZO >
IF ((lE.NE.35).OR.(IE,NE.41)) GO TO 13 
IF (YCENT(35),GT,H0) BC=2.0*BC
IF (YCENT(4 1),GT,H0) BC=2.0*BC
CONTINUE
V (IE)=(AC/(2.*BC) )*(SORT( 1. + (4,*BC)*GRAD/(AC**2. ))-!.)
IF (V(IE).GT.VS) V(IE)=VS 
CCNO(IE)=1.0/(AC+BC*V(IE))
IF (T-(Tl/2.0)) 6,6,7 
COND( IE)=COND( IE )*1 .10 
GO TO 12 
IF (T-T 1) 8,8,9 
COND( IE) = COND( IE)*0.90
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G u T c 12
TF ( T-( T l-K T1/2.0 ) J ) 10,10,11
C CNü( I E ) = C2ND( IE ) * J .J 5 
GG TC 12
GCN D ( IE )=CUNü ( lE)* 1 .05 ■
CGNT INJE
RüStE=CONO ( I E) * (ôC/2 . ) *3GRT( GRAO**2 . / ( ( AC* *2 . ) + ( u- , ) *GPAO ) )
CK( lE )=CONC( lE )*( 1.-RüSE)
IF ( lE-NE) 2, 3,3
IE=IE+l 
GO TO 100 
CONTINUE
00 4 I1=1,1ST 
ACONR=ü.0 
ACONL=Ü,0 
SVAR=0.0 
3 VAL=0.0 
N11=ML(II)
N22=MR(II)
XXR=ABS(X(N22) X (N2 2-1) )/3. 0 
XXL=A8S(X(Ni1)-X(N11+1))/3.0 
XXX=XXL+XXR 
DO 5 JJ=1,NSC 
N1=NER( I I ,JJ )
N2=NEL( I I ,JJ )
ACONR=ACONR+CUNÜ(N 1 )*AREA(NI )*V(NI )
ACONL=ACONL+CüND(N2)*AREA(N2)* V (N 2 )
SVAR=SVAR+AREA(N1 )*V(N1)
SVAL=SVAL+AREA(N2)*V(N2)
CONTINUE
ACÛNR=ACONR/SVAR 
ACÛNL=ACONL/SVAL
ACON(II)=(ACONR*XXL+ACüNL*XXR)/XXX 
CONT INUE 
RETURN 
END
JSSEMBLE THE EQUATIONS : A*PHI = W 
‘te APPENDIX A AND FLOW CHART ASSEM
SUBROUTINE ASSEM
DIMENS ION W(24),A(24,24),I(45),J(45),K(45),SMH(3 ,3 ,4 5) , CK(45) 
DIMENSION P H I (34)
COMMON /CMNl/I,J,K,NE 
COMMON /CMN3/SMH 
COMMON /CMN7/PHI 
COMMON /CMN8/NUN 
COMMON /CMN9/W,A 
COMMON /CMN13/CK 
DO 2 5 IN=1,NUN 
W (IN)=0,0 
DO 25 IR=1,NUN 
A (IN , IR) = 0,0
1 N=1 
IE=1
IF { I(IE)-IN) 2,3,2 
IF (J(IE)-IN) 4,5,4 
IF (K(IE)-IN) 6.7,6 
IE=IE+1
IF (lE-NE) 1,1,15 
IR=I(IE)
JR=J(IE)
KR=K(IE)
I RN= 1 
I CN=I 
GO TO 8 
IR=J(IE)
JR=K(. IE )
K R=I(IE)
I RN=2 
I CN=2 
GO TO 8 
IR=K(IE)
JR= I ( IE)
KR=J(IE)
IRN=3 
I CN=3 
M X = 1
A( IN,IR)=A( IN, IR)+SMH( IRN,ICN, IE)*CK( IE)
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GO TO (10,20,JJ),MX 
) IR=JR
1 1 X =  M X + I
I CN= ICM+ 1
IF ( ICn-3) 12, 12, 1 J 
3 ICN= 1
3 IF ( I R-NUN) 9 , ), 1 4
» W ( IN )=.v ( IN )-SMM( IHN , ICN, I E) *PHI ( IR ) *CK( I 5 )
GO TO (10,20, 30),MX 
■i Ï R - K R
GO TO 11 
:) IF { lE-NE ) 6,15,15
5 IF (IN-NUN) 16,17,17
6 IN=IN+1 
GO TO 100
3 CONTINUE
RETURN 
END
SOLUTION OF THE PREVIOUS EQUATIONS FOR PHI VALUES 
SEE FLOW CHART SOLVE
SUBROUTINE SOLVE (OMEGA,EPS)
DIMENSION B0( 24) ,W (24),A ( 24,24) ,PH I(34)
COMMON /CMN7/PHI 
COMMON /CMN8/NUN 
COMMON /CMN9/W,A 
ITER=1
BIT=1.0-OMEGA 
, DO 1 0  IN = 1 , N U  N  
“ 0D(IN)=0MEGA/A(IN,IN)
0 ITER=ITER+1 
OELTA=0.0
I N=1 
EX=0.0 
I T=1
IF (W(IN)-O.O) 2,3,2
1 EX=W(IN)
, IF ( IT-IN) 4, 5,4
[ IF (IT-NUN) 6,7,7
r IT=IT+1I IF ( A(IN, IT )-0.0) 4,3,4 
L £X=EX-A(IN,IT)*PHI{IT) 
f(‘ IF (IT'NUN) 8,7,7 
IT=IT+1
IF (A(IN,IT)-0.0) 3,20,3
EX=BO(IN)*EX+8IT4PHI( IN)
IF (ABS(PHI(IN)-EX)-DELTA) 9,9,11 
DELTA=ABS(PHI(IN)-EX)
P HI(IN)=EX
IF (IN-NUN) 12,14,100 
IN=IN+1 
GO TO 1
IF (DELTA-EPS) 16,16,100 
CONTINUE 
RETURN 
END
Se a r c h i n g  f o r  t h e  m a x i m u m  d i f f e r e n c e  in t he c o n s e q u a n c e  o f t h e
FHI v a l u e s  , so THE FINITE ELEMENT SOLUTION CAN BE TERMINATED
SUBROUTINE DLTA 
DIMENSION DPHI(24)
COMMON /CMN8/NUN 
COMMON /CMN10/DPHI 
COMMON /CMN14/DFI 
DO 100 IN=1,NUN 
IF ( IN-1) 1,1,2
OFld=ABS(DPHI( IN))
GO TO 100
DFIN=ABS(DPHI(IN))
IF (DFIN-DF10) 3,3,4
DFI=DFlO 
GO TO 100 
DFI=DFIN
IF (IN-NUN) 5,100,100 
DF IO=DF I 
'3 CONTINUE 
RETURN
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3U3R0UTINE PRCOR
DIMENSION PN(34) ,PH I (34),Y( 34) , 
DIMENSION PDC (7 ) ,Y M (7,4) ,X{ 34) 
COMMON /CMN2/X,Y 
COMMON /CMN7/PHI 
COMMON /CMN11/PDC
COMMON /CMN12/NN,N3,NR,NSC, I NDc 
COMMON /CMN15/1ST 
COMMON /CMN17/PN
Pr e s s u r e  a t e a c h  n o d e
INDEX! 7,4) ,P M( 7 ,4 ) , P-i ( 7 ) ,PC (7 )
,PRESSURE MATRIX 
Y MATRIX 
DO 1 11=1,NN
PNC I I)=PHI( I I ) • Y( I I)
CONTINUE 
DO 3 JJ=1,NR 
DO 4 I 1 = 1, 1ST 
I ND=INDEX{ I I,JJ )
PMC I I ,JJ)=PN( IND)
YMC I I,JJ)=Y(IND)
CONTINUE 
CONT INUE
. DO 5 I 1 = 1, 1ST . .
'• HYDROSTATIC PRESSURE DISTRIBUTION 
_ PH(I I )=0 ,50*(YM( I I, 1 )**2)
C CORRECTED PRESSURE DISTRIBUTION 
PC( I I )=0 .0 
DO 6 JJ=1,NSC
PC(II)=PC(II)+0.50*(PM(II,JJ)+PM( I I ,JJ+1) )*(YM(I I ,Jj)-YM( I I ,JJ+1 ) ) 
 ^CONTINUE
()FC PRESSURE DISTRIBUTION CORRECTION FACTOR 
PDCC I I )=PC( I I )/PH( I I)
CONTINUE 
PDC( 1ST)=1.0
RETURN
END
• 004 
J00 9
61.0
2.0
0 .00 5
• 0.015
1 5 4
2 5 1
2 6 5
2 6
3 26 6
3 25 26
4 8 7
4 5 8
5 9 a
5 6 9
6 27 9
6 26 27
7, 1 1 1 0
7 a 1 1
a 1 2 1 1
8 9 1 2
9 28 1 2
9 27 28
1 0 14 1 3
10 1 1 1 4
1 1 15 1 4
I 1 1 2 1 5
12 29 1 5
12 28 29
13 17 1 6
13 14 1 7
14 18 1 7
14 1 5 1 8
15 30 1 8
15 29 30
16 20 1 9
16 1 7 20
17 21 2 0
0. 46 
1 , 0 
0, 46 
0.45
35.6 1 4. 4 8.3 1 .65
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34 17 18 2 1
35 18 3 1 2 1
io 18 :.o 3 1
37 19 23 22
3« 19 20 23
33 2 0 3 2 2 3
AO 20 21 32
'1 21 31 32
“2 22 33 2 4
A3 22 2 3 33
A4 23 32 33
As 24 33 34
1 164.0 0,0
2 1 6 4 .0 1 1 . 8
3 164.0 23,4
4 141.0 0.0
5 1 4 1 . 0  1 1 . 8
6 14 1.0 23.4
7 118.0 0.0
8 118.0 11.3
,9 118.0 23.4
*0100.0 0.0 
*1 1 00. 0 11.8
2 100.0 23.4
3 90.0 0.0
4 90.0 11.8
5 90.0 23.4
*6 80.0 0.0
7 80.0 11.8
1Q 80.0 23.4
*9 70.0 0.0
\0 70.0 11.3
2l 70.0 23.4
<2 46.8 0.0
<3 46.8 11.8
24 23.5 0.0
25 16 4.0 35.0
26 141.0 35.0
2? 1 18.0 35 . 0
2a 100.0 35,0
29 90.0 35.0
^0 80.0 35.0
31 70.0 35.0
32 46.8 23.4
33 23.5 11.8
34 0.0 0.0
1 31 21 20 19 0.0
2 30 18 17 16 10.0
■ 3 29 15 14 13 20.0
4 28 12 11 10 20.0
5 27 9 a 7 48.0
6 26 6 5 4 71.0
7 25 3 2 1 94.0
0.63 1.0 0.39 0.61 * 0.16
0.72 1.07 0.483 0.517 0.29
0.63 0.93 0.585 0.415 0.415
32 32 33
31 , 33 35
3a 40' 41
32
25 27 29
32 34 36
J?
*9 21 23
26 28 30
:
15 17
2q 22 24
I;
,7 9 11
*4 16 13
2a
1 3 5
8 10 12
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2 4 b
2 4 6
26 
26
V
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A Projected area of the object
A^ Cross-section area of entrained air assuming
uniform air distribution 
Ag Flow area
A^ Hur ^/2 tan
A^ Area of unsaturated flow region
a Constant in Forchheimer equation
B • Average width of total area A^
b Constant in Forchheimer equation
Cjj,c^ Drag coefficient
c Internal wave celerity
c Air concentration CEq. 2.25)
c Acceleration coefficient Z' cm m
ca Empirical constant for a particular flow regime
cb Empricial constant for a particular flow regime
c^ Inertia coefficient
c Pressure distribution correction factor .
P
c^ Empirical coefficient to account for the wall
effect 
c^/C^,Cg Constants 
D Tube Diameter
Dg Grain size, finer than f
D^ Geometric mean grain size
D^ Permeameter diameter
D^,D2 Class limits of the media
d Spherical equivalent diameter of the particle
(pore size)
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d Particle mean diameterm
d^ Reference grain size
F Total horizontal force
f Friction factor
f Function of moisture content
f Accumulative frequency of the granular material
f^ Mixture Darcy friction factor
f^ Darcy friction factor, for a hydraulically
smooth surface
f^ Net Darcy friction factor for rock and permea­
meter
G(|V4»1) Continuity function
g Acceleration due to gravity
H Wave height
Head loss
Run up height
h Mean water level depth
i Hydraulic gradient
i^ Adherence gradient
i,j Indices
J Drift fluxaw
J Volumetric fluxm
k Permeability
K Constant (Depends on shape of pore cross
section)
K Hydraulic conductivity of saturated flow
K A resistance factor
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Hydraulic conductivity at same water flow 
with no air 
k Darcy permeability
L Wave length
Mg Geometric mean particle size
m  Dry porosity
m^ Total porosity
m^ Wall porosity
Ni'Ng,
^ l '^2
Empirical constants
Reynolds number 
P Pressure
Q Air volumetric flow
a .
0^ Mixture volumetric flow
Water volumetric flow 
q Darcy velocity
R^ Effective bubble radius
R^ Hydraulic radius.
R^ Modified hydraulic radius
Rp Pore Reynolds number
Rp Modified pore Reynolds number
R^ Ward Reynolds number
R^ Modified Ward Reynolds number
RR Correlation coefficient
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S . . Stiffness matrix
Sg Specific gravity
T Tortuosity
Tj^/T^ Wave periods
t Time
U Pore velocity
u Horizontal macroscopic velocity
u Normal velocityn
u^ Resultant pore velocity
V Volume of fluid being accelerated
V Air Volume a
V Volume of obstruction s
V  Darcy velocity
v^ Air velocity
v^^ Velocity of air relative to water velocity
v^ Relative up-rush velocity
Voa Terminal velocity of the bubbles
X Pore Reynolds number
X Distance in the x direction
V Dimensionless resistance
y Distance in the y direction
z Vertical distance
a Particle shape factor
Air fractionm
3 Momentum or Boussinesq coefficient
V Specific weight
A Increment
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E Roughness of the grain
n Water surface elevation above the mean 
level
6 Embankment slope
X Resistance coefficient
VI Dynamic viscosity
V Kinematic viscosity
p Density
Og Geometric standard deviation
^ Piezometric head
X Energy dissipation function
Ü) Over relaxation factor
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ERRATA
The recorded values for the virtual mass co­
efficient should be adjusted by substracting the 
following values :
Partial Size Correction
7.92 cm River Gravel 0.539
1.59 cm River Gravel 0.731
4.36 cm Crushed Rock 0.567
1.67 cm Crushed Rock 0.625
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